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ABSTRACT OF DISSERTATION

COMPARISON OF DIGESTIVE FUNCTION IN
YOUNG AND MATURE HORSES
While forage plays an important role in equine nutrition, little research has been
conducted evaluating fiber utilization by young horses. Therefore, studies were
conducted to compare in vivo digestibility and digesta passage in weanlings and mature
horses (Exp 1) and yearlings and mature horses (Exp 2). All horses were fed foragebased diets at the same rate (on a metabolic BW basis; Exp1: 67% alfalfa cubes, 33%
concentrate; Exp 2: 75% timothy cubes, 25% concentrate). Ytterbium labled hay and
cobalt-ethylenediaminetetraacetic acid were used to estimate digesta mean retention
time (MRT), while in vivo digestibility (DM, OM, and NDF) was measured using a total
fecal collection method. Feed and water intake was similar between young and mature
horses in both experiments. In Exp 1, there were no differences in digestibility or MRT
due to age. The results suggested that weanling horses are capable of digesting a
relatively high quality diet as efficiently as mature horses and that most of the
development of the gastrointestinal tract occurs before 6 mo of age. In Exp 2,
digestibility estimates were greater (P < 0.0311) for the yearlings than for the geldings.
The increased digestive capacity of the yearlings was likely due to the longer MRT
observed for the particulate phase in the yearlings (P = 0.0190). A third study was
conducted to compare the microbial profiles of the feces of mares and foals. Fecal
samples were collected from mare-foal pairs as the foal matured. The profiles of each
pair, obtained using polymerase chain reaction-denaturing gradient gel electrophoresis,
were compared and used to describe bacterial colonization in the foal. Mean similarity
between mares and their foals on the day of parturition was low, but rapidly increased.
Within 2 wk of parturition, similarity among mares and their foals was higher than
among mature mares, suggesting that by 2 wk of age the bacterial species found in the
foals’ gut are similar to those found in the mature horse. Collectively, the results from
this series of experiments describe the early development of the foal’s digestive
capacity.
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Chapter 1: Introduction
There has been a general increase in the use of fiber as a source of energy in the diet of
young, growing horses.

This practice often involves feeding non-traditional fiber

sources, for which the presumed energy value was determined in mature horses. Yet, it
is unclear how efficient young horses are at digesting this fiber. For example, in a study
by Ott et al., (2005), two groups of young horses were fed a soy hull based diet and a
traditional concentrate diet, respectively. Young horses on the soy hull diet did not
grow as well as those fed the concentrate diet, even though the diets were isocaloric,
suggesting the feeding value of the soy hulls may have been overestimated.
While several factors affect diet digestibility, increased digesta retention times have
been associated with increased digestibility. Numerous studies have been conducted in
the mature horse; however, limited work has evaluated fiber digestion and the
influence of digesta retention time in the young, growing horse. One study by Cymbaluk
(1990) suggested that mature ponies could digest fiber more efficiently than 8 mo old
colts. This increased digestibility was attributed to a longer digesta retention time.
However, the mature and young horses were not fed at a similar rate. Feeding level has
been shown to influence digesta passage; consequently, the difference observed by
Cymbaluk may not be due strictly to age.

Therefore, additional investigation is

warranted to determine whether diet digestibility and/or retention time differs when
young and mature horses are fed at a similar level.

While digesta retention plays an

important role in the digestion process, other factors should also be considered in order
to gain a more complete understanding of digestibility in the horse.
As herbivores, horses rely on the microbial populations present in their gastrointestinal
tract to break down the fibrous portion of their diet. Therefore, the presence of these
microbes, or lack thereof, plays a critical role in affecting nutrient availability to, and
utilization by, the horse. It is unclear how and when microbes begin colonizing the
equine gut, as mammals are born with sterile gastrointestinal tracts. The presence of
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aerobic and facultative anaerobic bacteria has been noted as early as 1 d of age, while
cellulolytic bacteria appear later (Julliand et al., 1996). It has been suggested that by 12
wk of age, the microbial populations present in young horse are similar to that of the
mature horse (Julliand et al., 1996). However, this timeline was determined using
culture-based techniques, which have been shown to underestimate microbial diversity
(Pace, 1997). Because several culture-independent methods have been successfully
used to estimate this diversity in vivo, employing techniques, such as polymerase chain
reaction-denaturing gradient gel electrophoresis (PCR-DGGE), will provide useful
information regarding the events associated with microbial colonization of the equine
gut.
The objectives of the studies reported in the following pages were to 1) identify
appropriate techniques to be used in subsequent passage rate research in the horse, 2)
to compare diet digestion in young and mature horses fed a high quality forage-based
diet, 3) to compare diet digestion in young and mature horses fed a high fiber, foragebased diet, and 4) to compare the microbial profile of feces collected from foals and
their dams, as a means of describing bacterial colonization. The hypothesis of these
studies was that while the microbial profile of feces from foals and their dams would be
indistinguishable by 12 wk of age, fiber digestion would be greater in the mature horse
compared to the young horse, regardless of diet.
Knowledge regarding the gut development in young, healthy horses will provide insight
into the management of foals with various forms of compromised digestive capacity.
Furthermore, an understanding of when young horses can efficiently digest and utilize
fiber will allow nutritionists and members of the feed industry to optimally formulate
diets for growing horses.

Copyright © Jennifer Elizabeth Earing 2011
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Chapter 2: Literature Review
Due to variations in the quality and quantity of forages available, grazing animals such as
the horse have taken advantage of the ability to adapt their ingestive and digestive
processes. This ability ensures the long-term sustainability of the horse as a species;
however, it also makes the digestive process of the horse complex and challenging to
understand.
Digestive Anatomy of the Mature Horse
As herbivores, horses obtain the nutrients necessary for everyday physiological
processes through the consumption of plant material. In the mature horse, following
ingestion, plant material travels down the length of the esophagus where it reaches the
acid-secreting stomach. Within the relatively small stomach, carbohydrates, proteins,
and fats mix with digestive enzymes, but are only partially digested before being
propelled into the small intestine (Lewis, 1995). Few microbes are suited for survival in
the acidic environment of the stomach, so less fermentation occurs here than in the
large intestine. Fermentation also occurs in the stomach of horses fed diets high in
nonstructural carbohydrates (Al Jassim and Andrews, 2009).
While rarely completely empty, digesta passage from the stomach occurs relatively
quickly (2-6 h) following ingestion (Van Weyenberg et al., 2006). Thirty minutes postingestion, nearly 75% of the liquid and 25% of the ingested dry matter (DM) has passed
from the stomach (Argenzio et al., 1974). In the small intestine, most of the soluble
nutrients are broken down by digestive enzymes and absorbed across the gut wall (Hintz
et al., 1971).
Insoluble carbohydrates (i.e. fibrous carbohydrates) pass through the small intestine to
the large intestine where they are fermented by microbes (Lewis, 1995). Fermentation
results in the formation of volatile fatty acids, which can be absorbed by the horse and
utilized as an energy source (NRC, 2007). Other nutrients, released through the course
of insoluble carbohydrate digestion or microbial protein degradation, are also absorbed
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in the large intestine (Lewis, 1995). Fibrous material enters the cecum first, where
strong peristaltic contractions move digesta within the cecum, before pushing it into the
colon.
Within the colon, complex contractions cause physical separation of less well-digested
coarse particles from finer particles. The coarse particles are forced back into the cecum
and left ventral colon, allowing more time for microbial fermentation and further break
down while finer particles move from the left ventral colon to the left dorsal colon
(Sellers et al., 1982).

At the right dorsal colon, fluid is selectively retained; the

contractions of the muscular wall results in the formation of fecal balls, forcing the fluid
back into the right dorsal colon for absorption. This process is referred to as the colonic
separation mechanism of the gastrointestinal tract.
Digestion of Nutrients
Energy sources, stored in plants in the form of carbohydrates, fats, and proteins, are
released as a result of the digestion process. While the horse produces the enzymes
necessary for the digestion of fats and proteins (lipases and proteases, respectively),
they are not capable of digesting all carbohydrates on their own.
Carbohydrates are the result of the photosynthetic process of the plant in which carbon
dioxide is converted into simple sugars (or monosaccharides), using energy from the
sun. The primary monosaccharide produced is glucose. Monosaccharides are linked
together to form di-, poly-, or oligosaccharides. To be utilized by the horse’s body, these
bonds must be broken, allowing individual monosaccharides to be absorbed across the
wall of the gastrointestinal tract.
Carbohydrates can be divided into nonstructural and structural carbohydrates.
Nonstructural or soluble carbohydrates include simple sugars, starch, and fructans, and
can easily be digested by the enzymes produced by the horse. Starch serves as an
energy storage molecule in warm season grasses and is formed when multiple glucose
molecules are linked together. Fructan, which is a polysaccharide of fructose, serves as
the energy storage molecule in cool season grasses.
4

Structural carbohydrates, which constitute the fibrous portion of plant material, include
cellulose, hemicellulose, lignin, and pectin. Cellulose, a carbohydrate that provides
plants with structural rigidity, is made of multiple glucose units linked by beta bonds.
Unfortunately, the horse is unable to digest fiber on its own. Collectively, mammalians
lack the necessary enzymes to break the beta bonds joining the monosaccharides of
structural carbohydrates. Instead, the horse relies on microbes in the hindgut to
produce these enzymes and break down the fiber into usable products. While the
bacteria utilize the fiber for their own metabolism, they produce volatile fatty acids that
can be absorbed and utilized by the horse. Volatile fatty acids can provide a significant
proportion of the horse’s digestible energy requirements; fermentation in the cecum
alone can supply up to 30% of the required digestible energy (Glinsky et al., 1976).
Most soluble carbohydrates are digested and absorbed in the small intestine; however,
it is possible to exceed the digestion capacity of the small intestine, particularly if a
cereal grain is consumed. Much of the starch, or soluble carbohydrate, consumed by
the horse is in the form of cereal grains. Grass pasture contains only 3.5% starch,
whereas oat cereal contains an average of 44.3% starch (NRC, 2007). Potter et al.,
(1992) reported only limited amounts of starch are digested in the small intestine,
recommending a maximum of 4.0 g starch/kg BW/meal. Others observed decreased
cecal pH (and subsequent digestion) with starch intakes of 2-3 g/kg BW (Radicke et al.,
1991). Regardless, when large amounts of starch are consumed, much of the starch
reaches the large intestine undigested. The fermentation of starch in the large intestine
by Streptococcus species results in the production and accumulation of lactic acid. This
drop in pH disrupts the microbial populations in the hindgut, changing the microbial
profile, reducing the overall activity of the fiber-digesting microbial populations and
decreasing fiber digestion in the hindgut (Medina et al., 2002).
Besides reduced diet digestibility, health concerns have been associated with high
starch intakes. Garner et al. (1977) demonstrated that lactate acidosis resulting from
the oversupply of dietary starch is associated with laminitis in the horse. However,
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when fiber (structural carbohydrates) is fed in a greater proportion than starch,
gastrointestinal pH, motility, and function remain normal, which could potentially
decrease the risk of colic and laminitis (Medina et al., 2002). Therefore, the importance
of fiber in the equine diet should not be underestimated; while it provides nutrients for
the horse, it also plays an important role in ensuring overall gut health.
Water is also a nutrient essential to gastrointestinal health (NRC, 2007).

Horses

consume much of their daily water requirement through drinking. Body weight plays an
important role in determining water requirements (NRC, 2007).

Water intake for

mature horses at maintenance has been estimated to be approximately 5 L/100 kg BW
(NRC, 2007). Intakes range from 4.0 to 5.5 L/100 kg BW, but vary between individual
horses, as well as day-to-day within a given individual (Groenendyk et al., 1988;
Cymbaluk, 1989).
Digestive Anatomy of the Young Horse
Gastrointestinal Development
The gastrointestinal tract of the foal is smaller than that of the mature horse,
constituting approximately 3.5% BW at birth (Meyer et al., 1993). The difference in size
is largely attributed to an underdeveloped large intestine. Relative to other organs, the
intestinal tract increases rapidly in length from birth to 1 yr of age (Smyth, 1988). While
the small intestine increases the most during the first month of life, the large intestine
increases in length between 1 and 5 mo of age, a period during which time spent grazing
doubles (Smyth, 1988). By 6 mo of age, the size of the gastrointestinal tract of the foal
is similar to that of the mature horse, weighing 4.2-5.2% BW (Meyer et al., 1993).
Furthermore, while total intestinal length increases rapidly through 1 yr of age, little
change in intestinal length has been reported between 1 and 35 yr of age (Smyth, 1988).
Similar rapid increases in intestinal mass have been noted in other species.

In

ruminants, the increases in intestinal mass are primarily due to the development of the
forestomach and the small intestine during the first few wk of life (Church, 1988). At
birth, the gastrointestinal tract weighed approximately 2.4% BW in lambs and increased
6

to 5.7% BW at 9 wk of age. The consumption of forage promotes the development of
the rumen (Church, 1988).
Feeding Behavior
Foals begin suckling 1-2 h after birth and spend 6 – 8 % of their day suckling (Houpt,
2002). While suckling bouts in young foals are short in duration but frequent, foals
quickly decrease time spent suckling to approximately 2% of their day by 8 wks of age
(Duncan et al., 1984). Very early in life, foals begin imitating the actions of their dams,
including grazing behaviors; some foals have been reported to consume solid food as
early as 1 d of age, however, 1 wk old foals spent an average of 8% of the day
consuming solid feed (Duncan et al., 1984; Crowell-Davis et al., 1985). Young foals
defecate once every 10 h; frequency increases with age to 3-5 times daily (Rossdale,
1967). Coprophagy has been observed as normal activity in foals between 5 d and 2 mo
of age, but is only rarely observed in foals over 6 mo of age (Francis-Smith and WoodGush, 1977; Crowell-Davis and Houpt, 1985). While the foal typically consumes its
dam’s feces, it may eat its own feces or that of an unrelated adult. Coprophagy has
been suggested to aid in the colonization of the gastrointestinal tract by microorganisms
(Crowell-Davis and Houpt, 1985).
Feeding behaviors change with age. As the foal ages, the amount of time spent suckling
decreases while the amount of time participating in grazing or foraging behaviors
increases. By 21 wks of age, foals spend nearly 50% of the daylight hours consuming
solid feeds (Crowell-Davis et al., 1985). Young horses between 5 and 14 mo of age
spend more time in feeding activity than mature horses, likely because of the increased
nutrient requirements for growth (Boyd, 1988). Young horses appear to consume more
per unit BW, however, comparisons may be misleading unless both groups are fed
similar diets. Unfortunately there is limited data comparing voluntary intakes in young
and mature horses fed the same diet. One study compared voluntary intake of coastal
Bermudagrass hay by yearling and mature horses; the younger horses consumed a
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greater amount of DM, consuming 2.5% BW while mature horses only consumed 2.0%
BW (Aiken et al., 1989).
Very young foals consume little water because of the high fluid intake associated with
milk consumption. Pastured, suckling foals consumed 3.9 kg of water/d at 1 mo of age
(in addition to 17.4 kg milk/d; Martin et al., 1992). At 1 wk of age, orphan foals drank
14.8-15.9 L fluid/100 kg BW (included liquid milk replacer and water), gradually
decreasing consumption to approximately 10 L/100 kg BW by 7 wk of age (Cymbaluk et
al., 1993). Water intakes for yearlings have been suggested to average 17-21 L/d (NRC,
2007).
Assessing Forage Utilization in the Horse
In addition to recognizing the importance of fiber in the horse’s diet, it is also necessary
to understand fiber utilization by the horse. The most common means of assessing fiber
utilization is through measuring digestibility. Record of digestibility experiments began
as early as the 1860’s (Schneider and Flatt, 1975) and continues today. Digestibility is
defined as the fraction of a feedstuff or dietary constituent that is lost on passage
through the digestive tract (Cochran and Galyean, 1994).

Similarly described by

Schneider and Flatt (1975), digestibility denotes the percentage of feed or any single
nutrient of the feed, which is degraded or otherwise acted on in the digestive tract, such
that it can be absorbed and thus put at the disposal of the body cells.
Classical digestibility experiments involve total fecal collections. In these experiments,
animals are adapted to the feed or feedstuff of interest. Following the adaptation
period, animals are placed in metabolism crates or stalls, or fitted with total fecal
collection devices. During the total fecal collection period, generally 5 – 7 d, daily
consumption records are kept and all voided feces are collected. Feed and fecal
samples are analyzed for nutrient composition, and using feed consumption and fecal
excretion data, nutrient intake and nutrient excretion can be calculated.

In vivo

apparent digestibility (of any given nutrient) can be determined by the difference in the
amount of nutrient consumed and the amount of nutrient excreted in the feces.
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Of feedstuff components, the digestibility of DM, organic matter (OM), and neutral
detergent fiber (NDF) are most commonly reported.

In assessing fiber digestion,

estimates of NDF and acid detergent fiber (ADF) digestion are of interest, however,
older literature often reports digestibility of crude fiber. Crude fiber underestimates
fiber content in fibrous feeds. Therefore, crude fiber digestibility may not be the most
accurate measure of fiber digestion, and comparisons of crude fiber, NDF, and ADF
digestibility should be made with caution.
Generally, in vivo digestibility has been assessed using a 5 – 7 d total fecal collection
period; however, collection periods from 3 to 10 d have been reported in the literature
(Lindberg et al., 2006; Smolders et al., 1990). Goachet et al. (2009) demonstrated that a
period as short as 3 d may be sufficient to obtain reasonable estimates of in vivo
digestibility in the horse. Whether a total fecal collection period of 3, 4, or 5 d was
utilized, digestibility estimates obtained for DM, OM, ADF, NDF, and hemicellulose were
not different among mature horses (Goachet et al., 2009).
Several methods have been investigated to replace or modify the use of the
conventional total fecal collection for estimating diet digestibility, but most have fallen
short of predicting digestibility accurately. Total fecal collection methods are labor
intensive and time consuming; consequently many digestibility studies utilize small
numbers of animals and thereby limiting the power of the study (Kitessa, et al., 1999).
Partial collection techniques have been used, however, with limited success.

For

example, Goachet et al. (2009) compared digestibility estimates obtained using partial
and total fecal collection methods, using lignin and acid insoluble ash (AIA) as markers
for the partial fecal collection. Lignin tended to underestimates digestibility, while AIA
tended to overestimate digestibility of all diet constituents (OM, NDF, ADF, and
hemicellulose), except DM. When collection duration was considered, no difference in
digestibility (DM, OM, NDF, ADF, and hemicellulose) was detected between 3, 4, or 5 d
when lignin was used as a marker. However, when AIA was used as the marker, diet
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digestibility (DM, OM, NDF, ADF, and hemicellulose) was lower for a 3 d than for the 5 d
partial fecal collection.
Numerous estimates of diet digestibility have been published for various feedstuffs
commonly (and often not-so-commonly) fed to mature horses. Table 2-1 lists several
studies, which provide estimates of dry matter digestibility (DMD), neutral detergent
fiber digestibility (NDFD), or organic matter digestibility (OMD) in horses. Uden and
coworkers (1982a) investigated the digestibility of timothy hay by ruminants, horses,
and rabbits. The authors reported an estimate of 45% DMD for ponies and 42% DMD
for horses. Digestion of cell wall constituents was reported to range from 33 to 37% for
equine. Palmgren Karlsson et al., (2000) fed an average quality grass hay and observed
slightly higher digestibility values (48 % DMD, 37% NDFD, 49% OMD). Ordakowski-Burk
et al. (2006) has reported DM digestibility estimates of timothy hay to be 56%, higher
than previously reported by Uden et al. (1982a) and Palmgren Karlsson et al. (2000), but
similar to DMD estimate published by Edouard et al. (2008). Edouard et al. (2008)
measured digestibility in a variety of forage types, including grass hays (average DMD =
51%) and alfalfa hays (average DMD = 58%). Digestibility of alfalfa hays is generally
higher than that of grass hays. Crozier et al. (1997) compared the digestibility of alfalfa,
tall fescue, and caucasian bluestem hays in mature horses. Digestibility of the alfalfa
hay was greater than that of both grass hays (alfalfa: 58% DMD, 47% NDFD; tall fescue:
48% DMD, 44% NDFD; caucasian bluestem: 44% DMD, 41% NDFD; Crozier et al., 1997),
Digestibility of various forages has also been investigated in young horses, although to a
limited extent; La Casha et al. (1999) demonstrated that yearling horses digested alfalfa
hay DM and OM better than grass hay; however NDFD of the alfalfa was less than that
of the two grass hays. Cymbaluk (1990) measured the digestibility of bromegrass hay in
weanling horses and reported DMD to be 65% and NDFD to be 48%, less than estimates
obtained from mature ponies.
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Table 2-1: In vivo digestibility studies in the horse
Study

Age

Diet

Digestibility

Uden et al., 1982a

Mature

Timothy Hay

42% DMD

Mature

Timothy Hay

56% DMD

Mature

Timothy Hay

Ordakowski-Burk et al.,
2006
Earing et al., 2010

Palmgren Karlsson et al.,
2000

46% DMD
35% NDFD
48 % DMD

Mature

Grass Hay

37% NDFD
49% OMD

Edouard et al., 2008

Mature

Grass Hays

51% DMD

Crozier et al., 1997

Mature

Alfalfa Hay

Sturgeon et al., 2000

Mature

Alfalfa Hay

63% DMD

Edouard et al., 2008

Mature

Alfalfa Hays

58% DMD

Earing et al., 2010

Mature

Alfalfa Hay

58% DMD
47% NDFD

57% DMD
44% NDFD
63% DMD

La Casha et al., 1999

Yearling

Alfalfa Hay

24% NDFD
74% OMD

Grace et al., 2003

Weanling

Perennial

62% DMD

Ryegrass-White

38% NDFD

Clove Pasture
Cymbaluk, 1990

Weanling

Bromegrass Hay

64% DMD
48% NDFD

Many factors affect digestibility; consequently in vivo digestibility is not a constant
characteristic of a feedstuff. As a result, there is a limit to the accuracy with which
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digestibility can be predicted (Tilley and Terry, 1963). Due to the time, labor, and
expense associated with in vivo digestibility studies, many researchers have investigated
alternative means of estimating in vivo digestibility through the use of in vitro
techniques. In vitro digestibility methods have been used successfully to estimate in
vivo digestibility in many species (for example, Tilley and Terry, 1963). Unfortunately,
no one method has proven to be a ‘gold standard’ technique for estimating in vivo diet
digestibility in the horse. Work by Applegate and Hershberger (1969) validated the use
of cecal fluid as an inoculum source in equine in vitro digestibility experiments. Koller et
al. (1978) examined in vitro digestibility of forages using cecal fluid as the inoculum
source. Timothy true digestible DM (48%) and digestible cell wall (32%) was reported as
well as estimates of alfalfa true digestible DM (85%) and digestible cell wall (49%; Koller
et al., 1978).
Due to the challenge associated with obtaining cecal fluid, it was of interest to identify
an alternative inoculum source. In cattle, feces have successfully replaced rumen fluid
as an inoculum source (Akhter et al., 1999). Likewise, Nsahlai and Umunna (1996)
reported a strong correlation between rumen fluid and reconstituted sheep feces as
inoculum sources. Work by Lowman and coworkers (1999) established equine feces as
an acceptable source of inoculum for gas production in vitro digestibility work. Lattimer
et al. (2007) and Earing et al. (2010) compared in vivo and in vitro digestibility estimates
obtained when equine feces were used as the inoculum source in the Daisy II Incubator.
Result from both studies suggested that feces could be used in estimating equine in
vitro digestibility.
Intake
Reports as early as the 1860s and 1870s argue that levels of intake above maintenance
do not depress digestibility; these experiments fed hays to cattle, sheep, and horses
(Andersen

et

al.,

1959).

However,

more

detailed

experiments

utilizing

forage/concentrate diets published in the early 1900s report that a decrease in
digestibility as level of intake increased (Andersen et al., 1959). In an attempt to better
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understand the observations previously published, Andersen and coworkers (1959)
conducted several trials assessing the effect of level of intake on digestibility of forage
and mixed diets in ruminants. The mixed results obtained in their experiments would be
similar to those obtained in many of the digestibility experiments that would follow in
years to come. The group was able to report that DM digestibility of fresh green forages
was not affected by level of intake in sheep.

However, experiments utilizing the

forage/concentrate diets provided variable results. In some trials, digestibility of the
forage/concentrate diets significantly decreased as the level of intake increased; in
other trials there was no effect (Andersen et al., 1959). As with many early digestibility
studies, the number of animals used was small, thus animal-to-animal variation may
have contributed to the variability of the data, and consequently the mixed results.
While horses require forage in their diet, many are also provided cereal grains to
increase the overall energy content of the diet. Therefore, it is of importance to
understand the influence of both level and composition of intake. Increasing the level
of intake has been shown to have variable affect on diet digestibility. In all-forage diets,
increased intake does not substantially alter digestibility (Ott, 1981; Martin-Rosset and
Dulphy, 1987). However, increasing the level of intake, when grain was fed with the hay,
decreased DMD, with no effect on NDFD or ADFD (Ott, 1981).
Diet type, i.e. all-forage or mixed diet, also affects digestibility.

The addition of

concentrate to the diet increases DMD, however, the rate of inclusion does not often
affect DMD (Hussein et al., 2004; Palmgren Karlsson et al., 2000). For example, whether
oats were included at 20, 40, or 60% of the total diet, DMD and OMD were significantly
higher than when oats were not included in the diet (Palmgren Karlsson et al., 2000).
Additionally, when present in the diet at low levels (<20%), the inclusion of concentrate
increased fiber digestion, suggesting that activity of the microbes may be stimulated
when low levels of concentrate, presumably starch, reach the hindgut (Palmgren
Karlsson et al., 2000).

Other studies have reported no effect of low levels of

concentrate supplementation on DM or NDF digestion, indicating that the presence of
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concentrate did not significantly reduce hindgut pH or negatively alter the environments
of the cellulolytic and hemicelluloytic bacteria (Hussein et al., 2004). However, when
large amounts of concentrates reach the hindgut, hindgut pH decreases and the stability
of the microbial community present is disrupted, thereby reducing the ability to digest
fiber, with no effect on DMD (Drogoul et al., 2001; Medina et al., 2002).
Intake level, and its effect on digestibility, appears to be affected by forage quality. The
preference for higher quality diets has been noted previously (Minson, 1990;
Fonnesbeck et al., 1967). Pearson et al., (2001) reported ad libitum access to the alfalfa
cubes had no effect on digestibility, while restricted access resulted in higher diet
digestibility in donkeys. Also, ad libitum access to a low quality diet such as oat straw
resulted in increased diet digestibility when compared to animals with restricted access
to the low quality diet. With results contradictory to work reported by others (Ott,
1981; Martin-Rosset and Dulphy, 1987; Martin-Rosset et al., 1990; Pearson et al., 2001)
suggested that increased digestibility resulted from the ability to select and consume
the higher quality components of the oat straw diet.
Other factors have been reported to influence intake levels. As mentioned previously,
age can affect intake. Boyd (1988) reported young horses (5 – 14 mo of age) spend
more time participating in feeding behaviors. Age and social rank can affect intake,
particularly when horses are confined to smaller areas or feed is limited (NRC, 2007).
Others have reported that forage consumption rates may be related to breed. For
example, Hokkaido native horses consumed a similar amount of feed in a shorter period
of time compared to light horses (Shingu et al., 2001). Grazing activity has been
observed to have a diurnal pattern, with increased activity during early morning or dusk
hours (Crowell-Davis et al., 1985).
Although water is considered a nutrient essential to health, variable results regarding
the influence of water intake on feeding behaviors have been observed. As water
restriction increases, ad libitum intake decreases in horses (Houpt et al., 2000). In
cattle, while cows tended to eat less when water was restricted, only slight increases in
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digestibility were observed (Balch et al., 1953). In sheep, the imposition of water
restrictions did not significantly alter DM intake or nutrient digestibility (Hadjigeorgiou
et al., 2000).
Passage Rate
Level and composition of intake has varying effects on digestibility; changes in intake
likely result in changes in digestibility through alterations in digesta passage. For
example, it has been shown that, when limit fed, donkeys retain feed residues in the
gastrointestinal tract longer and consequently had higher diet digestibility estimates
(Cuddeford et al., 1995). A few studies report investigating digesta passage in horses as
early as the 1920s and 1930s, however, most of the method development and
experimentation began in ruminants before being adapted for use in equine research.
While significant anatomical differences exist between ruminants and horses, many of
the concepts regarding experimental techniques apply equally well to both species.
Much of the passage rate work in the horse began in the 1960s and 1970s.
The study of digesta flow through the gastrointestinal tract provides a crucial link
between physiology of digestion and nutrition and may be the single most important
factor influencing diet digestibility in healthy animals.

Characterization of this

movement provides a better understanding of the physiological process of digestion and
allows horses to be fed more efficiently.
Passage rate is defined as the flow of material through the entire tract, or specific
segments, per unit of time (Robbins, 1993). There are several means of obtaining
digesta flow information.

For example, digesta passage can be measured using

reentrant cannulas, or animals can be sacrificed and samples collected directly from
each segment of the gastrointestinal tract. However, the use of markers to estimate
digesta passage has proven to be a more suitable method, reducing the use of invasive
or terminal procedures. This type of experimentation involves dosing a marked feed,
collecting feces, and measuring the excretion of the marker over time. A marker is
defined as a reference compound used to monitor chemical and physical flow of digesta
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(Owens and Hanson, 1992). An ideal marker has the following characteristics (Faichney,
1975; Bernard and Doreau, 2000):
it must be strictly non-absorbable, inert substances,
it must not affect, or be affected by, the gastrointestinal tract or its microbial
population,
it must be physically similar to or intimately associated with the material it is to
mark,
it must not modify physical characteristics and fermentation kinetics of the feed
fraction it is to mark,
it must be uniformly distributed throughout the feed fraction it is to mark,
its method of estimation in digesta samples must be specific and sensitive, and
must not interfere with other analyses.
Markers are considered internal when the marker is a natural component of the plant,
or external when the marker is artificially, but intimately associated with the plant
material (Bernard and Doreau, 2000).

Internal, or inherent, markers are usually

indigestible components of a feed, typically lignin or acid insoluble ash.

External

markers used in equine studies have varied widely, ranging from Styrofoam particles
and colored beads to chromium mordanted-fiber (Hintz and Loy, 1966; Pearson and
Merritt, 1991; Miraglia et al., 1992; Pearson et al., 2001; Guay et al., 2002) and rareearth labeled feeds (Moore-Colyer et al., 2003; Rosenfeld and Austbo, 2008; Miyaji et
al., 2008), which are used more commonly.
Terminology
Various terms have been used in published literature to describe digesta passage. The
term transit time (or minimum retention time) describes the time between feeding and
the first appearance of the marker in the feces, while maximum retention time
represents the time between feeding and the last excretion of the marker (Robbins,
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1993). From an experimental point, maximum retention time is useful in digestibility
studies because it provides an estimate of how long an animal must be adapted to a
treatment diet. Mean retention time (MRT) is the most common term used to describe
digesta passage. It describes the duration of which the average feed particle is retained
within the entire tract, or a segment of the tract, depending on the research objectives
(Owens and Hanson, 1992).
Fluid versus Particulate Digesta Passage
Because fluid and particulate matter move through the gastrointestinal tract differently,
separate markers are needed to estimate the flow, or passage, of each phase.
Therefore, marker selection must be made with the objective of the experiment in
mind. Common fluid phase markers include chromium-ethylenediaminetetraacetic acid
(Cr-EDTA) and cobalt-ethylenediaminetetraacetic acid (Co-EDTA). Both substances are
water-soluble and dissolve upon ingestion, remaining in solution in the fluid phase of
digesta. The presence of EDTA prohibits the absorption of the chromium or cobalt
molecule across the gut wall, allowing it instead to pass along the gastrointestinal tract
with the fluid phase of the digesta. Evaluation of Cr-EDTA and Co-EDTA as markers has
shown that both markers give similar results for fluid passage rate through the small
intestine of the horse (Nyberg et al., 1995).
Chromium-Mordanted Fiber
Both chromium-mordanted fiber and rare earth labeled fiber are regularly used to
estimate particulate phase passage. The process of mordanting irreversibly complexes
the chromium to the fiber portion of the cell wall. Unfortunately, the binding of high
levels of chromium to the cell wall increases the specific density of the fiber. This effect
decreases the particulate retention time and reduces diet digestibility in ruminants
(Ehle, 1984). Additionally, Uden et al. (1980) noted that chromium-mordanted fiber is
nearly 25% digestible. So, while little chromium migration occurs between digesta
particles, it is possible that the dissociation of chromium from the fiber particles occurs
as a result of digestion, which would alter digesta passage time.
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Rare Earth Metals
The use of rare-earth metals as particulate markers has become increasingly more
common because they bind tightly to plant materials and are present in very low
concentration in forages. The rare earth elements include the Lanthanide transition
series plus yttrium and scandium. The elements commonly used as markers in passage
rate research include dysprosium, europium, cerium, and samarium, with ytterbium
having the highest occurrence. Their metallic properties allow the rare earth elements
to be easily complexed with the fibrous plant materials.
Binding occurs between the functional groups (specifically carboxyl and amino groups)
of the cell constituents and the metal ion. The ability of the fiber matrix to bind and
hold metal ions on its surface is known as cation exchange capacity and is related to the
NDF concentration of a given forage or plant material (Bernard and Doreau, 2000).
Plant materials with higher NDF levels tend to bind more rare earth metals that those
materials with lower NDF concentration (Bernard and Doreau, 2000). For that reason,
many studies utilizing rare earth metals first treat the plant material with neutral
detergent solution and label the remaining NDF residue with the rare earth metal.
Cation exchange capacity is also influenced by the pH of the environment. It has been
shown to increase as the environment becomes less acidic (McBurney et al., 1986). The
environmental pH plays an important role in rare earth metal binding because of the
competition between the H + cation and rare earth for feedstuff binding sites (Bernard
and Doreau, 2000).
Migration of rare earth elements from particulate digesta is possible. Early information
suggested that rare earth metals become mobile under acidic conditions, and do not
accurately reflect the flow of individually labeled feedstuffs (Crooker et al., 1982). More
recent research has demonstrated only minimal migration, suggesting the metals can be
used successfully as external markers (Ledoux et al., 1985; Moore-Colyer et al., 2003).
Labeling with rare earth metals has been suggested to induce varying levels of digestive
modifications to the feedstuffs. Several studies have demonstrated that the digestibility
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of labeled feedstuffs is decreased. Beauchemin and Buchanan-Smith (1989) reported a
26% reduction in in situ DMD for Yb labeled NDF silage. Similarly, Teeter et al., (1984)
reported a significant decrease in in vitro DMD of Yb labeled feeds (including both cereal
grains and roughages). Conversely, Ledoux et al., (1985) reported no influence of Yb
labeling on in situ DMD. It is possible that labeling with Yb decreases digestibility by
attaching to the same sites that microbes would otherwise bind (Bernard and Doreau,
2000); the influence of labeling increases as the level of bound Yb increases. As such, it
has been recommended that no more label be bound to the feedstuff than necessary
(Bernard and Doreau, 2000).
Labeling Techniques
Various techniques have been used to label feedstuffs with rare earth metals. Because
of the greater binding capacity of the fibrous material of the plant, it has been
recommended that the marker be applied to NDF fraction of the feedstuff (Ellis et al.,
1982).
Research suggests that the preferred method of applying the marker is the immersion
technique. A study by Mader et al. (1984) compared spray and immersion labeling
methods. Wheat forages were labeled with Yb by spraying the partially dried forage
with 10% Yb solution, or by immersing forage in a 0.5 to 1.0% w/v aqueous solution of
YbCl3 x H2O for 18 to 24 h. Following immersion, the supernatant was decanted and the
forage was rinsed in distilled water 2 to 3 times (4 to 6 h). The final Yb concentration of
the wheat forage was 48.6 and 15.6 mg/g DM for the spray and immersion techniques,
respectively. The rinsing step of the immersion process resulted in the loss of cell
solubles, which likely described the reduced in vitro digestibility and increased NDF and
ADF values observed in forages labeled using the immersion technique. Method of
labeling did not alter the mean retention estimates obtained in the ruminant passage
rate study. However, the time to first excretion of the marker was less for the spraying
technique, suggesting that the Yb may have been more loosely bound, or that migration
of the rare earth from the forage particle surface may occur.
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Teeter et al. (1984) demonstrated that Yb concentration in feed samples (cereal grains
and forages) increased as the Yb concentration of the solution increased, but plateaued
once binding sites were saturated. Also, feed Yb concentration increased only slightly
beyond 48 h of immersion, indicating that the equilibrium between binding sites and
free Yb in solution had been reached by 48 h (Teeter et al, 1984). Each feedstuff
exhibited binding sites with differing binding affinities, suggesting it may be possible to
reduce the occurrence of marker migration by binding Yb only to the higher affinity sites
(Teeter et al., 1984).
Limited information has been published regarding the uniformity of marker attachment
to feed particles. Erdman and Smith (1985) reported that, not only did Yb attachment
differ significantly between forage samples, Yb preferentially bound smaller particles
(<600 m). As a result of the greater surface area per unit mass, more potential binding
sites were available per unit mass on the smaller particles. No information can be found
in the literature regarding the change in specific gravity resulting from the attachment
of rare earth metals.
Marker Administration
Regardless of the marker selected, all marker procedures use one of two types of dosing
(continuous or pulse dose) and one of two types of sampling procedures (time sequence
or total). Continuous infusion with time sequence sampling is used to measure flow
rates of digesta, while continuous infusion with total sampling has primarily been used
to measure water and electrolyte balance. The most common dosing technique in
equine research involves the single dose of marker followed by time sequence sampling;
this technique is used to estimate MRT. Finally, the least commonly used method
involves a single marker dose and total sampling; this requires the animal be sacrificed
to obtain samples to estimate flow rate and MRT through specific segments of the
gastrointestinal tract or through the entire tract.
In terms of marker administration, many equine studies simply top dress Cr-mordanted
fiber or rare earth-labeled feeds with a portion of the daily diet (Pagan et al., 1998;
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Drogoul et al., 2001; Guay et al., 2002; Austbo and Volden, 2006; Jouany et al., 2006;
Rosenfeld et al., 2006; Rosenfeld and Austbo, 2009). Others mix the marked feed with a
small amount of a highly palatable treat (Dugan et al., 1993; Pearson et al., 2001;
Moore-Colyer et al., 2003; Pearson et al., 2006). Mordanted or labeled feeds can also
be pelleted and fed by hand (Pearson et al., 2006).
Fluid phase markers, such as Cr- or Co-EDTA can be top dressed as well, given as a
drench by syringe at the back of the throat (Pearson and Merritt, 1991; Dugan et al.,
1993; Pearson et al., 2001; Pearson et al., 2006), or administered via a stomach tube
(Drogoul et al., 2001).
Calculating MRT Estimates
As indicated above, there are several variations of passage rate methods used in equine
research. All have their advantages and disadvantages, and no single technique has
been selected as the gold standard. Many researchers have suggested that comparisons
of data should only be made between studies using similar experimental conditions (i.e.
marker, diets, etc).

However, the diversity of methods in published passage rate

research makes this difficult. Consequently, results from individual experiments can be
compared, but should be done so with caution.
In addition to experimental methods, there are also a variety of equations used to
obtain passage rate estimates.

The mathematical analysis of passage rate data

conducted by Blaxter et al., (1956) resulted in a relatively simple equation that could be
used to estimate passage rate. The following equation has been used in dozens of
passage rate studies, in a variety of species.
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MRT = Σ Mi * ti
Σ Mi

where,

Mi = amount of marker (mg) in ith interval
ti = time elapsed between introduction of marker (time
zero) and the middle of the ith collection interval;
calculated as [(ti + ti-1)/2], with ti being the time to the end
of the ith interval

The equation was also described by Faichney (1975) as a means of estimating digesta
passage rate. A similar equation, based on marker concentrations, rather than actual
marker amounts, was published by Thielmans et al., (1978).
TMRT = Σ ti Ci ∆ti , where
Σ Ci ∆ti

ti = time from dosage of markers to midpoint of i th
collection interval
Ci = concentration of marker in the ith sample
∆ti = interval (hours) between two samplings

The equations of Blaxter et al. (1956) and Thielmans et al. (1978) result in very similar
estimates of MRT. Consequently, both are cited numerous times throughout the
literature and are considered accurate estimates of digesta MRT.
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Mathematical modeling of passage rate data, such as that first described by Pond et al.
(1988) and later by Moore-Colyer et al. (2003), Austbo and Volden (2006), and
Rosenfeld et al. (2006), provides additional information about the movement of digesta
through specific compartments of the gastrointestinal tract. However, modeling was
beyond the objectives of the current research and will not be described in detail during
the course of this dissertation.
The ability to estimate passage rate has provided scientists with very useful information
regarding the digestive process in many species, including the horse. Generally, longer
digesta retention times have been associated with increased diet digestibility. For
example, in sheep the extent of digestion increased as the length of the particulate
retention in the gastrointestinal tract increased (Blaxter et al., 1956). Similar results
have been reported in other species. In horses, longer mean retention times were
reported for more lowly degradable feeds (Cymbaluk, 1990; Pearson and Merritt, 1991;
Pearson et al., 2001; Pearson et al., 2006).
Digesta Passage in the Horse
Dietary Factors Affecting Digesta Passage
Several studies have investigated the differences in passage rate among various types of
diets. Numerous comparisons among forage diets, as well as forage versus mixed diets,
have been made. The effect of diet is often related to chemical composition or intake
level, with a fair amount of variation reported within the literature. Large differences in
the nutrient composition of the feedstuffs evaluated often result in differences in
passage rate and subsequent digestibility.
Chemical composition has been suggested to influence digesta passage. While
differences between forages and mixed diets may be expected, even differences in
digesta passage among all forage diets have been reported. Equine diets formulated
using various forages of similar chemical composition have been shown to have similar
MRT (Miyaji et al., 2008). Conversely, forage diets containing higher levels of cell wall
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content pass more slowly through the digestive tract (Pearson et al., 1991; Guay et al.,
2002).
Particle size does not appear to influence passage rate. Rosenfeld et al., (2006) fed
mature horses a diet of hay and processed oats. The oats were processed in one of four
ways: ground, pelleted, extruded, or micronized. Oat MRT was not different as a result
of processing method.

Additionally, the movement of oats and hay through the

gastrointestinal tract of the horse was not different (Rosenfeld et al., 2006). MooreColyer et al., (2003) fed mature ponies chopped grass hay, unchopped grass hay,
chopped grass silage, and unchopped grass silage. No clear effect of particle length was
identified, suggesting particle length has minimal influence on passage rate. The MRT of
the unchopped grass silage was significantly longer that the other three forages, but
could not be explained by the authors (Moore-Colyer et al., 2003).
Differences in the passage of all-forage and mixed forage-concentrate diets have been
reported as well. However, disparities in estimates are related more to intake level
rather than diet composition. Pagan et al. (1998) observed a longer MRT when mature
thoroughbred geldings were fed a mixed diet than when fed an all-forage diet.
Additionally, increasing the hay:grain ratio increased digesta passage through the entire
tract (Drogoul et al., 2001). In both studies, horses consuming the high forage diets had
a higher dry matter intake (DMI) than animals on the mixed diets. Alternatively, Holland
et al. (1998) fed all-forage diets and mixed diets at a similar level (as a % BW) and
showed that MRT was considerably longer for forage diets.
Several studies have compared MRT when diets have been provided ad libitum, or at a
restricted rate. Ad libitum access resulted in an increase in DMI, and subsequent
decrease in MRT (Pearson et al., 1991; Pearson et al., 2001; Guay et al., 2002).
Meanwhile, other studies have reported no effect of feeding level on digesta passage
(Miraglia et al., 1992; Dugan et al., 1993; Pearson et al., 2006).
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Physiological Factors Affecting Digesta Passage
In addition to dietary factors affecting digestion, which can often be controlled during
an experiment, there are also physiological factors that can influence digestion, which
may or may not be controlled. Pearson and Merritt (1991) identified differences in
digesta passage in donkeys and ponies fed hay and straw; donkeys exhibited a shorter
MRT (both fluid and particulate phases) than ponies.
The effect of age on digestion has not been well documented in the horse. In suckling
foals, there appears to be a longer delay of digesta in the stomach and right ventral
colon, when compared to weaned foals; in weaned foals digesta passed quickly through
the stomach, spending most of its time in the cecum and left ventral colon (Alexander
and Benzie, 1951), which supports the colonic separation mechanism described in the
mature horse. Cymbaluk (1990) also reported longer MRT estimates (and subsequently
higher digestibility estimates) in mature ponies compared to 8 mo old horses fed a
similar diet, suggesting that age may influence digesta movement. In sheep, digesta
passage was not different for young (12 wk) and mature animals when fed a high quality
diet. However, when offered a lower quality diet, the MRT estimate was greater for the
young sheep (Egan and Doyle, 1982).
Pearson and Merritt (1991) also evaluated the influence of exercise on digesta passage,
finding that exercise (walking 14 km/d at 1 m/sec) did not affect intake or MRT (of fluid
or particulate phase marker) when donkeys were fed either hay or straw. Conversely,
Pagan et al. (1998) reported that moderate exercise significantly decreased MRT in
thoroughbreds. These thoroughbreds also consumed significantly more water when
exercised, suggesting that water intake may influence digesta passage.
Microogranisms of the Gastrointestinal Tract
Across the mammalian species, the gastrointestinal tract is inhabited by highly dense
and diverse microbial populations, whose complex interactions create an environment
challenging to understand. The gastrointestinal tract consists of three Domains of
microbes, including Bacteria, Archaea, and Eukarya; however, bacteria are the most
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widely studied (Zoetendal et al., 2004). Bacteria have been identified throughout the
length of the gastrointestinal tract of the horse (Kern et al., 1973; 1974; Goodson et al.,
1988; Mackie and Wilkins, 1988; Koike et al., 2000; Julliand et al., 1999), while the
activity of protozoa and fungi (which belong to the Eukarya domain) are limited to
hindgut regions (Kern et al., 1974; Orpin, 1981; Julliand, 1992; Moore and Dehority,
1993; Julliand et al., 1998; Kobayashi et al., 2006).
Community is defined as all of the populations present in a given habitat. The normal
microbial community, while somewhat variable, includes organisms regularly found at a
given anatomical site.

While microbial populations of the ruminant have been

investigated extensively, work regarding the microbial community in the horse has been
somewhat limited and information regarding the normal microbial populations is scarce.
Early research used conventional microbiological techniques, which involved culturing
bacteria in selective media.

Many of these methods were first employed in

environmental microbiology (i.e. soil and water), and adapted for use in animals (Gall et
al., 1947). Later, techniques developed in molecular biology began to be used to study
microbial ecology (Vaughan et al., 2000). Through the course of the last several years,
techniques employing DNA hybridization and sequencing, oligonucleotide probes, realtime PCR, or PCR-DGGE (to name a few) have been adapted and used to study the
mammalian gastrointestinal tract.

The combination of culture-based and culture-

independent methods has resulted in the knowledge currently available regarding the
equine gastrointestinal tract.
The Mature Horse
In the mature horse, concentrations of specific bacterial populations vary according to
their anatomical location (Hastie et al., 2008). For example, in the stomach, lactobacilli
and streptococci, both acid-tolerant bacteria, have been identified as the predominant
bacterial species in the horse (de Fombelle et al., 2003; Varloud et al., 2007).
Lactobacillus salivarius, L. crispatus, L. reuteri, and L. agilis have been shown to colonize
the stratified squamous epithelium of the equine stomach (Yuki et al., 2000). While
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Lactobacillus concentration is greatest in the stomach, Streptococcus appears to be
more evenly distributed along the digestive tract (de Fombelle et al., 2003). Both
species are responsible for the fermentation of the readily degradable carbohydrates
primarily associated with concentrate-based meals.

The acidic products of starch

fermentation reduce the pH of the stomach, inhibiting those microbial populations not
equipped to tolerate an acidic environment. Lactic acid utilizing bacteria exploit this
environment, with the highest concentration of these bacteria in the stomach; lower
concentrations have been identified in the ileum and hindgut (de Fombelle et al., 2003).
While cellulolytic bacteria have been isolated from equine stomach contents, only low
concentrations have been measured (Kern et al., 1974; de Fombelle et al., 2003).
Bacteria in the small intestine of the horse have not been well described. Bacteria
associated with starch degradation have been identified, including lactobacilli,
enterobacteria, enterococci, streptococci, and lactate-utilizing bacteria. As mentioned
above, lactobacilli are in high concentration in the stomach, with relatively lower
concentrations being measured in the small intestine. Conversely, streptococci levels
were higher in the small intestine than in the stomach (de Fombelle et al., 2003). While
cellulolytic numbers were low in the small intestine, proteolytic bacterial counts were
found to be much higher than other segments of the gastrointestinal tract (Kern et al.,
1974; Mackie and Wilkins, 1988; de Fombelle et al., 2003). From duodenum to ileum,
concentrations of total culturable bacteria and proteolytic bacteria increase
significantly, however, counts were even greater (nearly 100-fold) in the large intestines
(Mackie and Wilkins, 1988).
Glycolytic, amylolytic, proteolytic, and lactate utilizing bacteria have been identified in
the hindgut. As in the small intestine, streptococci, lactobacilli, and lactate utilizing
bacteria are considered the main glycolytic and amylolytic bacteria. Streptococci and
lactobacilli concentrations have been reported to be higher in the colon than in the
cecum (de Fombelle et al., 2003). Streptococcus bovis has been identified as the
predominant lactic acid bacterium in the large intestine (Hastie et al., 2008).
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The hindgut of the horse is also colonized by highly active populations of cellulolytic
bacteria (Mackie and Wilkins, 1988). The three primary cellulolytic bacterial populations
identified in the ruminant have also been isolated in from the hindgut content of the
horse; these include Fibrobacter succinogenes, Ruminococcus flavefaciens, and
Ruminococcus albus (Julliand et al., 1999; Hastie et al., 2008). R. flavefaciens has been
demonstrated to be the predominant cellulolytic species in all three segments of the
hindgut (cecum, colon, and rectum; Julliand et al., 1999; Hastie et al., 2008). The
fibrobacter organisms have been estimated to make up 12% of the total microbial
content in the cecum (Lin and Stahl, 1995). However, this species has been difficult to
isolate using culture-based techniques (V. Julliand, personal communication).
Hindgut bacterial composition has been shown to vary with location. For example,
within the hindgut, a higher concentration of cellulolytic bacteria has been observed in
the cecum compared to the colon, suggesting that the cecum is likely the main site of
fiber digestion (Kern et al., 1974; Julliand et al., 2001).

Others have reported

concentrations of cellulolytic populations (R. Flavefaciens, F. succinogenes) to be higher
in the colon (Hastie et al., 2008). Similarly, low cecal cellulolytic values reported by
Goodson et al. (1988) support the idea that the majority of fiber digestion occurs in the
colon.
Microbial populations have also been identified in fecal samples. Similar levels of R.
flavefaciens, F. succinogenes and S. bovis were measured in samples collected from the
equine dorsal colon and rectum, suggesting that equine fecal material could reflect the
microbiological characteristics of the distal colon (Hastie et al., 2008). Additionally,
Julliand and Goachet (2005) reported similar changes in colonic and fecal bacteria in
response to diet changes. Others argue that fecal samples do not reflect the present
microbial community because of the variability of these populations along the length of
the gastrointestinal tract (Zoetendal et al., 2004). The following genera have been
identified in equine feces: Lactobacillus, Streptococcus, and Bifidobacterium.
Specifically, Lactobacillus equip, L. johnsonii, Weissella confusa, and Streptococcus

28

bovis/Streptococcus equinus have been reported as the predominant fecal species (Endo
et al., 2007; Endo et al., 2009). Additionally, the presence of phylogenetic relatives of
Lactobacillus salivarius and Lactobacillus gastricus has been noted (Endo et al., 2007).
Bifidobacteria populations accounted for only a minor portion of the fecal bacterial flora
(Endo et al., 2007).
The Effect of Diet on Microbial Populations
Not all microbes break down and utilize the same dietary substrates; therefore, it is of
interest to understand how the diet influences microbial populations. In ruminants,
switching from a forage diet to a high concentrate diet has been shown to alter the
microbial profile of the gastrointestinal tract, increasing the number of total anaerobic
bacteria (Hungate, 1966). Similar results have been demonstrated in horses. When
switched from a forage diet to one incorporating increasing quantities of concentrate,
streptococci convert excess starch to lactic acids, which causes a drop in pH (Goodson et
al., 1988; Julliand et al., 2001; Medina et al., 2002). The increase in starch reaching the
hindgut increases levels of total anaerobic bacteria, lactobacilli, streptococci, and lactate
utilizing bacteria in the colon, with little effect on the microbial population of the cecum
(Julliand et al., 2001; Respondek et al., 2008). Conversely, others have reported that
concentrate intake increases microbial populations in the cecum (Kern et al., 1973;
Goodson et al., 1988; Medina et al., 2002.) Alterations in the microflora were associated
with a decrease in intestinal pH (Kern et al., 1973; Goodson et al., 1988; Julliand et al.,
2001; Medina et al., 2002). Additionally, cellulolytic bacteria counts decreased as
concentrate intake increased (Julliand et al., 2001; Medina et al., 2002).
Changes in microbial populations have also been reported to coincide with seasonal
changes in forage availability. Microbial populations in fecal samples from Hokkaido
native horses were evaluated in summer and winter months, when horses had access to
grassland or woodland pasture, respectively. While total bacteria number decreased
significantly in winter due to poor dietary conditions, the proportion of cellulolytic
bacteria increased during this period, resulting in improved fiber digestion in these

29

horses (Koike et al., 2000). Similarly, the highest bacterial counts were observed in the
summer months (Kobayashi et al., 2006). Protozoal populations were also lower in the
winter months, but showed a substantial amount of variability among individuals
(Kobayashi et al., 2006). Thus, seasonal influences on diet availability affect microbial
populations in the horse.
Microbial Populations in Young Mammals
Scientists work under the premise that all mammals are born with a sterile
gastrointestinal tract (Feigin, 2004). Supposing this is true, the question becomes when
and how do microbes become established in the gastrointestinal tract of growing
animals. Unfortunately, few reports have investigated microbial populations in young
growing horses. Little is understood regarding colonization events, types of microbes
present, or influence of diet or environment on the microbial community of the foal.
However, a substantial amount of work has investigated gastrointestinal colonization in
human infants and young ruminant animals.
Humans
In humans, it has been shown that facultative anaerobic microbes dominate the
gastrointestinal tract first; the abundance of oxygen in the neonate gut prevents
anaerobic bacteria from colonizing. The primary microbes present include E. coli,
enterococci and streptococci (Stark and Lee; 1982; Yoshioka et al., 1983; Bezirtzoglou,
1997). Coagulase-negative staphylococci have also been identified (Alderberth et al.,
2006). The expansion of the microbial populations consuming oxygen results in an
environment favorable to anaerobic bacteria; consequently anaerobic numbers increase
and bifidobacteria, bacteroides, and clostridia populations predominate (Rotimi and
Duerden, 1981; Yoshioka et al., 1983, Bezirtzoglou, 1997).

By 1 mo of age,

bifidobacteria are the predominant microbes in the infant’s gastrointestinal tract. With
the introduction of solid food into the diet, there is a sharp increase in the enterococci
and bacteriodes populations (Stark and Lee, 1982). By 12 mo of age, the anaerobic
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microbial populations of the infant begin to resemble those populations of the adult
human (Stark and Lee, 1982).
A variety of factors have been suggested to influence the development of the
gastrointestinal microbiota, including delivery mode, feeding, and overall environment.
Studies have compared the microbiota of newborns delivered vaginally, or via cesarean
section. Dominguez-Bello et al. (2010) reported that in three out of four cases of vaginal
delivery, the mother’s vaginal bacterial populations were more similar to her own
baby’s microbial communities than to the microbiota of other vaginally delivered
babies, suggesting the vaginal community is transmitted to the infant.

During a

cesarean section, anaerobic bacteria are exposed to the fatal oxygenated environment
prior to colonizing the gastrointestinal tract of an infant. Consequently, facultative
anaerobes, typically found on the skin’s surface, generally colonize these infants first
(i.e. Staphylococci and Enterococci; Dominguez-Bello et al., 2010).

A delay in the

presence of typical anaerobes (Bacteroides and Bifidobacteria) and E. coli bacteria was
noted in infants delivered via cesarean, suggesting that these bacteria are acquired
through vaginal or fecal inoculation (Rotimi and Duerden, 1981; Penders et al., 2006).
Bettelheim and coworkers (1974) identified the same E. coli serotype in newborns’
mouths and mothers’ feces immediately following birth. Additionally, bacteria found in
the gastrointestinal tract of the newborns were similar to that identified in the mother’s
cervix (Brook et al., 1979).

In the absence of vaginally acquired microbes (i.e.

bacteroides, bifidobacteria and E. coli), the infant gastrointestinal tract often becomes
first colonized by skin bacteria such as staphylococci (Alderberth et al., 2006).
Studies have reported various effect of feeding methods. Studies conducted over the
last 30 years have shown minimal differences between gut microbiota from breast- and
bottle-fed infants (Alderberth and Wold, 2009). However, formula-fed infants are often
colonized with C. difficile, E. coli, and bacteroides, whereas bifidobacteria numbers are
often higher in breast-fed infants (Tullus et al., 1989; Stark and Lee, 1982; Penders et al.,
2006).
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In addition to feeding routines, environmental factors, such as hospitalization and family
structure, also have an impact on gut colonization. Changes in normal microflora are
observed with hospitalization; Klebsiella, Proteus, Pseudomonomas and E. coli are
frequent colonizers, particularly after a cesarean section delivery. Additionally, a delay
in bifidobacteria, a predominance of bacteroides, and an increase in Clostridium has also
been observed (Bezirtzoglou, 1997). The use of antibiotics has been shown to result in
limited colonization.

Specifically, antibiotic use has been associated with reduced

numbers of bifidobacteria and bacteroides (Bezirtzoglou, 1997; Pender et al., 2006). In
terms of family structure, infants without older siblings had more enterobacteria (non-E.
coli) and clostridia, as well as a lower ratio of anaerobic:facultative bacteria by one year
of age, suggesting a less mature colonization pattern (Alderberth et al., 2007). Those
infants with older siblings had higher numbers of bifidobacteria (Penders et al., 2006).
Early colonization has been shown to influence the immune function.

Germ free

animals are more susceptible to colonization by pathogenic bacteria. The presence of
normal bacteria can prevent the colonization of pathogenic bacteria via competition for
bacterial attachment sites and nutrient availability (Bernet et al., 1994). Additionally,
some bacteria produce anti-microbial substances to prevent the colonization of
pathogenic bacteria (Brook, 1999). Microbial colonization has also been suggested to
influence the maturation of the gastrointestinal tract; short chain fatty acids produced
by bacterial communities increase intestinal cell proliferation and differentiation
(Guarner and Malagelada, 2003).
Ruminants
Even though livestock species are exposed to very different environmental conditions
than humans, the process of gastrointestinal microbial colonization is surprisingly
similar. As in humans, facultative anaerobes are quickly observed, followed by strict
anaerobic bacteria. Specific microbial species differ among young mammals. The
establishment of microbial populations in herbivores is particularly important because
of the important role they play in the digestion process.
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Several studies have cited the early appearance of microbial populations in newborn
ruminants, both lambs and calves. Aerobic and facultative anaerobic populations are
highest shortly after birth and steadily decrease with age (Bryant et al., 1958;
Lengemann and Allen, 1959; Fonty et al., 1984; Mueller et al., 1984). E. coli and
streptococci have been identified as the predominant bacteria during the first few days
following birth (Zoilecki and Briggs, 1961; Fonty et al., 1984; Mueller et al., 1984;
Anderson et al., 1987; Minato et al., 1992). Other bacteria present in lower amounts
include lactobacilli, streptococci, and lactate-utilizing bacteria; lactate utilizing bacteria
counts were high during the first three weeks of life (Bryant et al., 1958; Anderson et al.,
1987; Minato et al., 1992). Cellulolytic bacteria populations were absent from lambs at
1 d of age, and were the slowest population to develop in calves (Lengemann and Allen,
1959; Gouet et al., 1984). Cellulolytic bacteria were identified as early as 3 to 5 d of age,
and rapidly reached levels similar to that in the adult ruminant by 3 wk of age (Bryan et
al., 1958; Fonty et al., 1984; Anderson et al., 1987; Minato et al., 1992). Generally,
bacteria isolated from young ruminants during the first few weeks of life were different
than those found in mature animals. However, by 6 wk of age, calves had obtained
some of the same bacteria as adults, and by 9-13 wk of age, the bacteria isolate from
calves was typical of those found in mature cattle (Bryant et al., 1958; Gouet et al.,
1984).

Young ruminants quickly acquire the necessary microbial populations for

digestion at an early age; for example, calves can efficiently digest grass pasture as early
as 8-9 wk of age (Conrad et al., 1950).
Horses
Far less research has been conducted regarding gastrointestinal colonization in the
young horse, however it seems the colonization pattern is very similar to that of young
ruminants. Foal meconium has been reported to be free of bacteria, supporting the
premise that mammals are born with sterile gastrointestinal tracts (Sakaitani et al.,
1999). Aerobic and facultative anaerobic populations are observed first and decrease
with age (Julliand et al., 1996). Initially, enterococci and enterobacteria predominate,
with lower counts of lactobacilli, streptococci, staphylococci, and clostridia reported as
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early as 3 d of age (Julliand et al., 1996; Sakaitani et al., 1999). While bacteroidaceae
and lactobacilli were identified as the predominant bacteria after 6 wk of age, other
bacteria included enterobacteria, enterococci, and staphylococci (Julliand et al., 1996;
Sakaitani et al., 1999).

As in ruminants, cellulolytic bacteria established early in the

gastrointestinal tract of foals. However, the cellulolytic bacteria reached numbers
similar to that in the adult horse by 8 wk of age; young ruminants achieved mature adult
status in 3 wk. Cellulolytic bacteria were observed prior to the foal consuming solid
food; this had also been observed in the young lamb (Fonty et al., 1987; Julliand et al.,
1996). By 12 wks of age, the bacterial flora of the young horse is similar to that of the
adult horse (Julliand et al., 1996). Other than identifying a few of the predominant
species, there has been a lack of research investigating the effects of diet, housing, or
general management on the microbial populations of the young horse. Specifically,
there is no information available regarding the succession of microbial populations
during the colonization of the foal’s gastrointestinal tract.
Techniques for Studying Microbial Ecology of the Gastrointestinal Tract
As mentioned previously, much of the information available regarding the microbiota of
the gastrointestinal tract has been obtained using culture-based techniques. Anaerobic
cultivation techniques have allowed scientists to characterize many novel bacterial
populations of the gastrointestinal tract of various species. Despite the fact that these
techniques are still used as standard tools in microbiology, these techniques are not
without their drawbacks. Unknown growth requirements for specific bacteria and the
selectivity of media used in cultivation provide significant challenges to microbial
ecologists attempting to cultivate novel populations.

Additionally, it is difficult to

simulate the interactions of bacteria and other microbial populations and host cells;
these interactions play an important role in the microbial ecology of the gastrointestinal
system. Consequently, many microbes cannot be cultivated using standard culture
techniques (Pace, 1997).
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Using culture-based methods, microbiologists have been able to classify new microbial
populations based on nutritional or morphological characteristics.

However, the

classification system did not describe evolutionary relationships. With the discovery that
highly conserved ribosomal RNA is present in every cell, Carl Woese established a
classification system based on nucleic acid sequence, thus allowing classification of
microbes based on evolutionary relationships (Woese, 1987; Woese et al., 1990).
Unfortunately, the sequencing of single PCR clones is labor intensive and expensive,
making sequencing an impractical tool for studying the complex interactions of
microbial communities. Consequently, other molecular-based techniques have been
developed. While originally developed to investigate soil or marine microbiota, many
techniques have been adapted for studying the microbial community of the
gastrointestinal tract.
Among the molecular methods, fingerprinting techniques are commonly used to
describe genetic diversity in complex microbial communities and can be used to monitor
community shifts, as well as compare communities from different environments. The
primary fingerprinting techniques used include SSCP (single strand conformation
polymorphism), T-RFLP (terminal-restriction fragment length polymorphism), PCR-DGGE
(polymerase chain reaction - denaturing gradient gel electrophoresis), PRC-TGGE
(polymerase chain reaction - temperature gradient gel electrophoresis) and ARISA
(automated ribosomal intergenic spacer region analysis). While based on different
principles, all of these techniques result in a profile, or fingerprint, that represents the
sequence diversity of a given ecosystem. Profiles can be compared using software,
which conducts cluster analysis and calculates similarity indices. Because analysis is
based on genetic information, the fingerprinting techniques overcome many of the
challenges associated with the cultivation of specific microbial populations. While
cultivation techniques can be time consuming, many of the molecular techniques,
including molecular fingerprinting, can be completed quickly, with high throughput.
Also, amplification by PCR allows DNA sequences present in very low concentrations to
be detected, increasing the sensitivity of the technique. One of the most useful aspects
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of molecular fingerprinting is the ability to compare multiple samples simultaneously,
allowing comparisons to be made between bacterial ecosystems or among a single
bacterial ecosystem over time (Muyzer et al., 1993; Deng et al., 2008).
While the molecular-based methods alleviate several of the challenges associated with
culture-based techniques, they are not without their own problems.

Molecular

techniques are based on nucleic acid composition, so these techniques do not
differentiate between DNA from living or dead microbes; nor do these techniques
provide any information regarding the activity or abundance of particular microbes
within an ecosystem. It has been reported that not all bacterial cells are lysed with the
same efficiency, suggesting that the DNA extraction process influences what material is
amplified during PCR (Picard et al., 1992). While improving the sensitivity of molecular
techniques, the use of PCR introduces its own biases such as preferentially amplifying
specific species, or introducing mutations, chimeras, or heteroduplexes (Reysenbach et
al., 1992; Qiu et al., 2001).
PCR-DGGE is one of the most commonly applied fingerprinting techniques. It was first
applied to study the soil microbial ecosystem by Muyzer et al., (1993). Since then, it has
been successfully used to monitor the microbial communities of the gastrointestinal
tract in many species, including dogs, cats, cattle, pigs, sheep, chickens, horses, and
humans (Simpson et al., 1999; Kocherginskaya

et al., 2001; Favier et al., 2002;

Suchodolski et al., 2004; Green, 2006; Endo et al., 2007; Morita et al., 2007; Endo et al.,
2009; Janczyk et al., 2009; Lubbs et al., 2009; Petersson et al., 2009; Gronvold et al.,
2010; Huws et al., 2010; Sadet-Bourgeteau et al., 2010).
The PCR-DGGE technique includes the amplification and separation of isolated DNA in a
denaturing gradient gel using electrophoresis. Briefly, DNA is isolated from the sample
(fecal or gastrointestinal contents), and the 16S rRNA genes are amplified using PCR.
The amplicons are separated based on electrophoretic mobility, on a polyacrylamide gel
containing a linear gradient of DNA denaturants.

As the double stranded DNA

amplicons move through the gel, they encounter increasing concentrations of DNA
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denaturant and the double stranded DNA begins to separate. The melting or separation
of the strands results in conformational changes, which slow the migration of the
amplicon through the gel.

Because sequence differences (specifically GC content)

influence melting behavior, amplicons with different sequences will stop migrating at
different positions within the gel (Lermen et al., 1984). The use of a GC-rich clamp
prevents the complete dissociation of the double stranded molecule, which would
otherwise result in two single strands differing in mobility (Sheffield et al., 1989). The
separation of the amplicons produces a banding pattern that can be visualized by
staining and is representative of the diversity of the microbial community of a given
sample (Muyzer et al., 1993).
PCR-DGGE has been well established as a reliable, reproducible, rapid, and relatively
inexpensive tool for studying microbiology (Suchodolski et al., 2004; Deng et al., 2008).
It has been suggested to be superior to cloning and sequencing of PCR amplicons
because of its ability to produce rapid results, while avoiding the challenges associated
with cloning (Muyzer et al., 1993). Additionally, multiple samples can be analyzed
simultaneously, allowing characterization of microbial shifts over time or comparisons of
microbial populations between specific environments (i.e. individual animals). Also,
individual bands can be excised and sequenced for identification of specific bacterial
species.
Unfortunately, the banding patterns obtained from DGGE analysis represent only the
predominant microbial populations as any target DNA making up less than 1% of the
total target pool is not likely detected (Muyzer et al., 1993). Amplicons with similar
sequences may co-migrate and denature at the same location in the gel; it is also
possible that organisms with multiple variable 16S rRNA gene operons may produce
multiple bands (Green et al., 2009). Similarly, amplicon migration does not always result
in discrete bands when the sample is from a highly diverse environment (Green et al.,
2009).
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Summary
Little is known about gastrointestinal development and function in the young horse.
Research suggests that retention time influences digestibility in mature horses, however
limited work has investigated retention times in young horses. While foals have been
shown to have lower digestive capacity than mature horses, it is unclear whether this
difference is associated with digesta retention, the presence of microbiota, or some
other factor.
To date, very little research has characterized the microbial colonization of the equine
gastrointestinal tract. Using culture-based techniques, several species of microbes have
been identified in the gut of the young foal as early as 1 d of age; by 12 wk of age, the
microbes present in the gastrointestinal tract of the foal are similar to that of the
mature horse.

The advent of new molecular techniques has offered scientists an

opportunity to overcome one of the primary limitations of culture-based research – the
underestimation of species diversity. While not quantitative, methods such as PCRDGGE evaluate changes in microbial populations over time, thus making the study of
microbial colonization of the young horse possible.

Copyright © Jennifer Elizabeth Earing 2011
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Chapter 3: Developing Techniques Used in Passage Rate Research
Rationale
To measure digesta passage rate, feedstuffs are commonly labeled with an inert, but
identifiable compound. Many of the techniques used to label forages require the forage
to be boiled in NDF solution to remove all soluble materials before the label is applied,
adding both time and cost to the labeling process. Additionally, many studies suggest
that the complete consumption of the labeled feed is a limitation to passage rate
research. By maximizing marker binding to the forage, it is possible to reduce the
volume of labeled feed that must be consumed by the animal. Therefore, it was of
interest to develop a more efficient method of forage preparation and marker
application that maximized marker binding.

Most importantly, the preliminary

experiments provided an opportunity to familiarize the author, who had limited passage
rate research experience, with the various techniques and challenges associated with
passage rate experimentation.
Objectives
The objective of this preliminary research was to identify the appropriate methods and
techniques to be used in following passage rate studies in the horse. This first involved
developing a method for labeling forages with Ytterbium (Yb). Subsequently, marker
dosing rate and sample collection techniques were evaluated through a preliminary
passage rate study utilizing two mature ponies.
Forage Labeling
Numerous labeling techniques have been utilized to bind various markers to feedstuffs
for estimating digesta passage through the gastrointestinal tract. Labeled forages have
been used to estimate movement of the particulate, or solid phase of the digesta, while
Cr- or Co-EDTA have commonly been used to estimate the passage rate of the fluid
phase. Many of the techniques used to label forages require the forage of interest be
boiled, or washed, in neutral detergent fiber (NDF) solution to remove all soluble
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materials before the label is applied. Without washing, the label would also bind to the
soluble portion of the forage. When dosed, the soluble material would solubilize and
the label would move through the gastrointestinal tract with the fluid phase, not the
particulate phase of the digesta.
The recommended rate at which to wash the forage is 10 g to 30 g forage/1 L NDF
solution (Ankom procedures; Poore et al., 1990; McBurney et al., 1983). The original
procedure developed by Goering and Van Soest called for 1 g of sample to be boiled in
100 mL of NDF solution (Goering and Van Soest, 1970). In passage rate experiments, it
is often necessary to wash relatively large quantities of hay and the previously
suggested washing rate requires a substantial amount of NDF solution. Therefore, for
the purpose of the subsequent passage rate studies, it was of interest to develop a
forage washing method that adequately removed soluble materials, while reducing the
amount of NDF solution required.
Many studies suggest the complete consumption of the labeled feed as a limitation of
passage rate research. By maximizing label binding to the feedstuff, it is possible to
reduce the volume of labeled feed that must be consumed by the animal. Some
research has reported that Yb, the rare-earth metal used in the current series of studies,
binds small particles preferentially to large ones and thereby potentially biases passage
rate estimates (Erdman and Smith, 1985). Other studies have not confirmed this
observation.
Materials and Methods
The first step of the labeling procedure involved washing the forage in NDF solution.
Several types of forage were evaluated, including alfalfa cubes, timothy cubes, long
stem grass hay, and long stem Bermudagrass hay. Procedures developed and used by
Ankom Technology for determining NDF content recommend a ratio of 10 g of forage/1
L of NDF solution. Poore et al. (1990) also recommended 10 g of forage/1 L of NDF
solution while McBurney et al. (1983) used ratios of 25-30 g forage/1 L NDF solution. To
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test whether forage could be effectively washed at higher substrate:solution ratios,
several ratios (ranging from 10 g/1L to 80 g/1L) of hay/NDF solution were evaluated.
The forage was weighed, placed in a cloth bag (pillow case), and securely tied shut. NDF
solution was prepared according to the standard guidelines outlined by Ankom
Technology (Appendix 1). The bag was submersed in a stockpot containing boiling NDF
solution and covered with aluminum foil. Contents of the stockpot were stirred every
20 min. After boiling 1 h, the bag was removed from the NDF solution and thoroughly
rinsed with hot water using the gentle rinse cycle of a commercial washing machine.
The contents of the cloth bag were emptied into a large aluminum pan and dried to
constant weight at 55 degrees Celsius in a forced-air oven. The NDF concentration of
each forage was calculated using Equation 3-1 and compared to estimates obtained
using the standard procedure of the Ankom Fiber Analyzer (Appendix 2). This procedure
was repeated for each of the forages, at each washing rate evaluated.

% NDF (DM Basis) =
(Dry Weight of NDF Residue/(Original weight of Hay * % DM of Hay)) * 100
Equation 3-1
Once NDF-washing procedures were established, research focus shifted to investigating
the Yb binding capacity of hays. The first experiment compared the binding capacity of
alfalfa hay cubes and mixed grass hay (nutrient composition shown in Table 3-1). The
long stem mixed grass hay was first chopped to a particle length similar to that of the
hay cubes using scissors.

Both forages were washed as described by the above

procedures, using a rate of 60 g forage/1 L NDF solution, and dried. The following
labeling procedure, adapted from Poore et al. (1990), was utilized.
Following washing, NDF residue from each hay type was weighed into a separate cloth
bag and tied shut. The NDF residue was soaked at a rate of 100 g of NDF residue/1 L of
0.007 M Yb solution for 24 h. The 0.007 M Yb solution was prepared by dissolving 2.96 g
41

Yb (III) acetate tetrahydrate (Sigma-Aldrich) in 1 L of distilled water to achieve a
concentration of 2.5 g rare earth/ L. Bags were gently agitated every 4-6 h to ensure
adequate exposure of the fiber to the Yb solution. Following the 24 h soak, the NDF
residue was rinsed briefly and soaked in tap water for 1 h. Subsequently, the labeled
NDF residue was rinsed with tap water 3 times (5 min each). To remove any loosely
bound Yb, the forage was soaked in a 0.01 M acetic acid solution for 1.5 h and rinsed
with tap water for 0.5 h. The labeled forage was transferred to a large aluminum pan
and dried in a 55 degree Celsius forced-air oven to constant weight.

The Yb

concentration was determined by digesting samples in concentrated nitric acid using a
microwave (Microwave Sample Preparation System CEM Corporation, Matthews, NC);
elemental analysis was completed using inductively coupled plasma spectrometry
(described in Appendix 3; Varian Vista Pro ICP-OES, Palo Alto, California).
As mentioned previously, one of the limitations of passage rate research involves the
incomplete consumption of the marked feed. Therefore, it was of interest to maximize
Yb binding so that a smaller volume of marked feed would need to be consumed to
attain the desired level of Yb intake. Results from the first experiment indicated that
more Yb was bound to the NDF in the mixed grass hay than to the NDF in alfalfa hay.
For that reason, the subsequent experiments were conducted using grass hays.
Washing procedures were followed as described above. Four batches of mixed hay NDF
residue were labeled using two Yb solution concentrations and two soaking durations.
The grass hay NDF residue was soaked in either 0.007 M or 0.014 M Yb solution for
either 24 h or 48 h. All other labeling procedures remained the same.
It has been suggested that particle size affects Yb binding (Erdman and Smith, 1985).
Consequently, the third labeling experiment investigated particle size and binding
capacity. Bermudagrass hay (nutrient composition shown in Table 3-1) was chopped
using a hammer mill with a 1.27 cm screen. The chopped forage was then separated by
particle size using the Penn State Particle Separator. This process resulted in the
following particle sizes: >0.8 cm, 0.8 to 1.9 cm, and <1.9 cm. A sample of un-separated
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hay was also included, resulting in four samples.

All four samples were washed

(individually) according to the procedures previously described and labeled using a
0.007 M Yb solution and a 24 h soak period.

Table 3-1: Nutrient composition of hay1.
Alfalfa Cubes Mixed Grass Hay

Bermudagrass Hay

DM, %

92.3

92.2

94.9

CP, %

15.2

13.8

13.8

NDF, %

48.5

55.6

71.7

ADF, %

37.9

39.1

38.6

1

Analysis was conducted by Equi-Analytical (alfalfa cubes) and Dairy One (mixed grass
and Bermudagrass) and reported on a DM basis.

Results
Results from the forage washing experiment are shown in Table 3-2. Statistical analysis
was not performed on the data obtained from the forage washing and labeling
experiments because only large changes in Yb binding were of interest. For the alfalfa
cubes, there did not appear to be a substantial difference between NDF estimates
obtained using 10 g/L, 40 g/L, 60 g/L, or 70 g/L NDF solution for the washing process.
The NDF estimate increased from 49-51% NDF (10 g to 70 g/L) to 55% NDF when 80 g/L
was evaluated. The NDF estimates obtained for the mixed grass hay were higher than
that obtained using conventional Ankom fiber analysis, however, there did not appear
to be a large difference between 25 g/L and 50 g/L in terms of NDF content. The rate of
60 g/L was selected to be further evaluated using timothy cubes and Bermudagrass hay.
Washing the timothy cubes at 60 g/L resulted in an NDF estimate of 49%, similar to the
53% obtained through Ankom fiber analysis. Bermudagrass hay washed at 60 g/L also
yielded an NDF estimate similar to the Ankom estimate (79% NDF vs. 80% NDF).
Consequently, it was determined that the washing rate of 60 g forage/1 L NDF solution
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removed all neutral detergent solubles, while still allowing for large batches of hay to be
washed.

Table 3-2: NDF concentration of forages when various ratios of forage and NDF solution
were utilized.
Ratio
% NDF
%NDF
Forage
(forage/NDF soln)
(Large Batch)
(Ankom Analysis)
10 g/L

49

40 g/L

51

60 g/L

50

70 g/L

51

80 g/L

55

25 g/L

63

30 g/L

61

40 g/L

65

50 g/L

65

Timothy Cubes

60 g/L

49

53

Bermudagrass Hay

60 g/L

79

80

Alfalfa Cubes

Mixed Grass Hay

49

57

In the initial labeling trial, the final Yb concentration was higher in the mixed grass hay
than the alfalfa hay (1.51% Yb and 0.76% Yb, respectively). Therefore, subsequent
studies focused on labeling grass hays, as maximizing binding was a primary objective.
When the grass hay was soaked in the 0.007 M Yb solution for 24 and 48 h, the Yb
concentration was 1.51% Yb and 1.59% Yb, respectively; when soaked in the 0.014 M Yb
solution, the Yb concentration was 1.51% Yb (24 h) and 1.57% Yb (48 h). In the third
experiment, Yb concentrations of the small, medium, and large particles of
Bermudagrass hay were 1.39% Yb, 1.32% Yb, and 1.41% Yb, respectively.
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Yb

concentration in the Bermudagrass hay sample that had not been separated based on
particle size was 1.39% Yb.
Discussion
Based on the results obtained, it was determined that forages could be washed in NDF
solution at much higher rates than previously suggested. Increasing the rates from 10 30 g forage/L NDF solution to 60 g forage/L NDF solution greatly reduced the time
associated with washing large volumes of hay, as well as conserved supplies utilized in
the process. The ability to generate large quantities of NDF residue more easily provides
researchers an opportunity to adapt the research animals to consuming washed, but
unlabeled forage over several days.

The washing process changes the physical

attributes of the forage, and in the case of horses, often makes it less desirable to
consume. The ability to adapt horses to the washed forage will improve the likelihood
that, when offered, the labeled feed will be consumed completely.
The mixed grass hay bound nearly twice as much Yb as alfalfa hay, while Yb
concentrations of the mixed grass and Bermudagrass hay were not that different,
suggesting that forage type affects Yb binding. The mixed grass and Bermudagrass hay
used in the current study had higher levels of NDF and ADF compared to the alfalfa hay.
Previous research has noted that feed higher in crude fiber and protein had higher Yb
binding affinities (Teeter et al., 1984).
Doubling the Yb concentration of the solution (from 0.007 M to 0.014 M) did not affect
Yb binding.

While statistical analysis was not performed, changes in overall Yb

concentration of less than 0.08% did not warrant using twice the amount of Yb (III)
acetate that would be necessary to make the 0.014 M Yb solution.

Additionally,

increasing the soaking duration from 24 h to 48 h resulted in only a minimal increase in
Yb binding. In a study that evaluated the binding capacity of praseodymium and
neodymium (rare earth metals) to a variety of common feedstuffs, binding was nearly
complete by 24 h for praseodymium, but was still increasing at 96 h for neodymium
(Allen et al., 1985). However, the binding rate was significantly reduced after 12 h of
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incubation, regardless of feedstuff or rare earth metal (Allen et al., 1985). Therefore, it
was felt that the soaking duration of 24 h was adequate to obtain a high level of Yb
binding.
It does not appear that particle size had a substantial effect on Yb binding capacity, at
least not regarding the particle sizes utilized in the current trial. This finding is contrary
to previous research suggesting the greater surface area of small particles makes
available more potential binding sites per unit mass (Erdman and Smith, 1985).
Based on the variables investigated in the above experiments, the final procedures
established include washing the forage at a rate of 60 g forage/1 L NDF solution,
preparing a 0.007 M Yb solution, and soaking the NDF residue for 24 h.
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Preliminary Passage Rate Experiment
To develop a protocol for use in subsequent passage rate studies at the University of
Kentucky, a preliminary experiment was undertaken using two mature gelding ponies
(average BW = 210 kg). It should be noted that both ponies had previously been
cannulated. While the cannulas had been removed more than 6 yr before the onset of
the current study, it is possible that the surgical modification of the gastrointestinal tract
may influence the passage rate and digestibility estimates obtained.

However,

predicting MRT and digestibility were not the objectives of the current study. The
primary objective was to establish a protocol, including marker dosing amounts and
administration, sampling techniques, and collection length, to be used in subsequent
experiments investigating digesta passage in the horse.
All procedures were approved by the Institutional Animal Care and Use Committee at
the University of Kentucky. The experiment consisted of a 1 wk diet adaptation phase
and a 3 d total fecal collection phase in which a subsample of feces was collected from
every defecation for passage rate marker analysis. After the end of the total fecal
collection, a freshly voided fecal sample was collected from each pony and taken to the
lab to be used in an in vitro digestibility assay (Earing et al., 2010). This experiment
(including the passage rate, in vivo digestibility, and in vitro digestibility) was repeated
approximately 4 wk later.

Experimental procedures remained the same, with the

following exceptions: the diet provided to the ponies consisted of timothy cubes
(nutrient composition shown in Table 3-3) rather than alfalfa cubes, and the ponies
were adapted to consuming washed but unlabeled NDF nuggets for 1 wk prior to the
collection phase. Also, ponies were allowed 30 min to consume marked feeds before
refusals were collected.
Adaptation
Prior to the start of the experiment, two mature ponies were maintained on an allforage diet, consisting of cool-season pasture and long stem grass hay. For 1 wk prior to
the start of the collection period, the animals were adapted to being housed indoors,
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consuming a diet of hay cubes (nutrient composition shown in Table 3-3), and wearing
fecal collection harnesses. The two ponies were weighed at the start of the adaptation
period (Exp 1: 235 kg and 188 kg BW; Exp 2: 230 kg and 188 kg) and provided hay cubes
at 2% of body weight (DM basis). The hay cubes were offered in two equal meals; the
ponies had unlimited access to fresh water.

Table 3-3: Nutrient analysis of diets1
Alfalfa Hay Cubes
Timothy Hay Cubes
(Exp 1)

(Exp 2)

DM, %

92.3

95.0

CP, %

15.2

13.6

NDF, %

48.5

52.6

ADF, %

37.9

41.5

1

Analysis was conducted by Equi-Analytical (alfalfa cubes) and Dairy One (timothy
cubes) and reported on a DM basis.

Hay cubes (alfalfa for Exp 1 and timothy for Exp 2) were washed and labeled with Yb
using the procedures described above (60 g forage/1 L NDF solution; 0.007 M Yb
solution and a 24 h soak period). Co-EDTA was prepared according to Uden et al. (1980;
Appendix 4). Following the labeling procedure, the labeled NDF was analyzed for Yb
content. The Yb was to be dosed at a rate of 3.3 mg Yb/kg BW, similar to Rosenfeld et
al., 2006. In an attempt to ensure complete consumption of the Yb dose, the allotted
amount of marked NDF (per pony) was mixed with molasses, formed into 2.4 cm
diameter nuggets, and baked for approximately 20 minutes (Appendix 5). Care was
taken that the entire dose of Yb-NDF was used to make the nuggets and nuggets for the
two ponies were kept separate.
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Marker Administration
On d 1 of the collection period, each pony was offered his Yb nuggets and 200 g of
sweet feed that had been top dressed with Co-EDTA (3.4 mg Co/kg BW) and a small
amount of molasses (approximately 90 mL). The ponies were given 45 min to consume
their marked feed, the refusals were collected, and the ponies were offered their usual
morning feed of alfalfa cubes.
Total Fecal Collection
Each pony was fitted with a fecal collection harness (Bun-Bag, Sagle, ID) on d 1 of the
collection period. The ponies were observed 24 h/d for the next 80 h. Immediately
following each defecation, the collection bag was replaced with a fresh bag to prevent
losing any sample. The fecal sample was weighed, recorded, and thoroughly mixed. A
subsample of 200 g was frozen for subsequent passage rate marker analysis. The
remaining fecal material was compiled daily for each horse and at the end of each 24 h
period was mixed, subsampled, and frozen for in vivo digestibility estimation. After each
defecation had been processed, the fecal collection bag was washed with water and
allowed to air dry.
In Vitro Digestibility Experiment
Once the fecal collection harnesses had been removed following the 80 h collection
period, a freshly voided fecal sample was collected from each pony. The sample was
transported to the laboratory and used as the inoculum source in an in vitro digestibility
experiment. The procedure, outlined by Earing et al., (2010) utilized alfalfa cubes and
timothy that had been dried and ground to 2 mm (nutrient composition shown in Table
3-3). Samples from each hay type were weighed (0.50 g) into Ankom F57 filter bags and
incubated in fecal inoculum from each pony, for 24 and 48 h. There were three Ankom
bags for each hay type, in each inoculum, at each incubation length. Following the
incubation, the filter bags were rinsed gently with tap water and dried in a 55 degree
Celsius forced-air oven.
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Sample Analysis
Fecal samples (passage rate marker samples and digestibility samples), as well as feed
samples and marker refusals were dried to constant weight in a 55 degree Celsius
forced-air oven. All feed and fecal samples were ground to 1 mm using a Wiley Mill
(Arthur H. Thomas Co., Philadelphia, PA).
Passage Rate Samples
The passage rate samples (feed and fecal) from each pony were digested in
concentrated nitric acid using a microwave (Microwave Sample Preparation System CEM
Corporation, Matthews, NC), and analyzed for Yb and Co concentrations using
inductively coupled plasma spectrometry (described in Appendix 3; Varian Vista Pro ICPOES, Palo Alto, California). For each pony, MRT of the fluid and particulate phase of the
digesta was calculated using the Co and Yb concentrations and the equation published
by Blaxter et al. (1956; described in Appendix 6).
In Vivo Digestibility Samples
Dry matter values of the feed and fecal digestibility samples were used to calculate in
vivo DMD. Subsequently, the samples were analyzed for NDF content using the Ankom
Fiber Analyzer (Ankom Technology Corp, Fairport, NY); NDF content was used to
calculate in vivo NDFD.
In Vitro Digestibility Samples
Dry matter weights of the Ankom filter bags were recorded and used to calculate in vitro
DMD. Filter bags (and residual contents) were subjected to NDF analysis, using the
Ankom Fiber Analyzer (Ankom Technology Corp, Fairport, NY) and values were used to
calculate in vitro NDFD.
Statistical Analysis
The Student’s T-test was used to compare estimates obtained from the two ponies,
differences between in vitro and in vivo digestibility estimates, differences between in
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vitro incubation lengths, and differences between inoculum sources. Differences were
considered statistically significant when P < 0.05.
Results and Discussion
Markers were administered on day 1 of the collection phase. For Exp 1, the ponies were
allowed 45 min to consume their marked feed before refusals (a mixture of Co-EDTA,
sweet feed, molasses, and Yb-labeled nuggets) were collected. At the end of the 45 min
period, refusals measured 358.20 g (DM) and 88.85 g (DM), for Pony 1 and Pony 2,
respectively. Analysis revealed that refusals contained 405.05 mg Yb (Pony 1) and
115.04 mg Yb (Pony 2), but no Co, and is likely a result of the ponies selectively, and
completely, consuming the Co-EDTA-sweet feed mixture prior to the Yb-nuggets. In Exp
2, the ponies were given 30 min to consume their marked feed. Pony 1 refused 62.6 g
(DM) of the marked feeds (containing 1.01 mg Co and 85.14 mg Yb), while Pony 2
completely consumed the marker dose. The volume of Yb-labeled NDF provided to each
pony was a reasonable amount for each pony to consume (as one pony completely
consumed its marker dose). However, it appeared to be unpalatable, as the second
pony refused to completely consume the Yb-labeled hay, but willingly consumed hay
cubes following the marker administration period. Providing unlabeled, but washed hay
(in the form of NDF nuggets) appeared to improve marker consumption by both ponies
in Exp 2, suggesting that adaptation to the washed hay improved NDF acceptability.
During the collection phase of Exp 1 and Exp 2, both ponies willingly consumed the
entire portion of their forage-based diet.
Mean Retention Time
Estimates of MRT for each pony, on each diet, are shown in Table 3-4. Co MRT was used
to estimate the fluid phase movement, while Yb MRT estimated particulate phase
passage through the digestive tract. Although statistical comparisons were not made,
MRT estimates for both the fluid and particulate phase were quite different between
ponies. Estimates obtained for Pony 1 (Exp 1 alfalfa: 20.0 h Co and 23.3 h Yb, Exp 2
timothy: 19.3 h Co and 22.1 h Yb) were consistent with previously reported MRT values.
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Pearson and coworkers (2001) reported total tract MRT estimates of 20.5 h (fluid phase)
and 21.3 h (particulate phase) when alfalfa hay (14.6% CP, 44.3% NDF, 33.9% ADF) was
offered ad libitum to mature ponies. Moore-Colyer et al. (2003) reported the total tract
MRT of 24.9 h when mature ponies were offered a diet of chopped timothy-perennial
ryegrass hay (10.5% CP, 70.6% NDF, 39.5% ADF). Differences between the current study
and that reported by Moore-Colyer et al. (2003) could be attributed to differences in
nutrient composition; additionally, there may have been differences in particle size (i.e.
cubes versus long-stem hay) which have been shown to influence digesta passage in
some species (Drogoul et al., 2000).
Regardless of diet, MRT estimates were considerably longer for Pony 2 (Exp 1 alfalfa:
37.0 h Co and 36.5 h Yb, Exp 2 timothy: 35.3 h Co and 38.8 h Yb). The reason for this
observation is unclear; however, it could be related to the pre-existing surgical
modification of the gastrointestinal tract. Reports on the effect of cannulation on
digesta passage rate are conflicting. Austbo and Volden (2006) reported that cecal
cannulation increases total tract MRT, while Drogoul et al. (2000) reported similar MRT
estimates from cannulated and non-cannulated ponies fed the same diet.

Other

variables expected to alter digesta passage rate include cannula location and extent of
surgical modification, as well as the large variability in meal consumption rate
associated with individual horses.
Marker refusal and recovery rates are reported in Table 3-4. Based on the marker
consumption and recovery rates of Exp 1, attempts were made to improve marker
consumption during Exp 2. This included offering unlabeled NDF nuggets to both ponies
for 1 wk prior to marker administration. Subsequent marker consumption did improve,
particularly for the Yb marker. In Exp 2, one pony consumed a greater portion of the
marked hay than he had in Exp 1 (11% versus 52% marker refusal), while the second
pony completely consumed both of the marked feeds. Recovery of Yb was generally
higher than that of Co. Few previous passage rate studies have published marker
recovery rates and limited information is available regarding acceptable marker
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recovery in horses. Moore-Colyer et al. (2003) reported recovery greater than 95%
following a 7 d collection. The estimates obtained in the current study are considerably
lower than 95%; it may be possible to improve marker recovery by utilizing a longer
collection period. Interestingly enough, the pony with the lowest recovery rates also
had MRT estimates most similar to previously reported data; the reason for this
relationship is unclear but may be related to the alteration of the gastrointestinal tract
caused by the placement, and later removal, of the cannula.

Table 3-4: Estimates of MRT obtained in Exp 1 and Exp 2
---------------- Co ---------------MRTa,

Refusalb, Recoveryc,

---------------- Yb ---------------MRTa,

Refusalb,

Recoveryc,

Diet

h

%

%

h

%

%

Exp

Pony 1

Alfalfa

20.0

0

60.1

23.3

52

60.7

1

Pony 2

Alfalfa

37.0

0

87.4

36.5

19

77.1

Exp

Pony 1

Timothy

19.3

0.13

52.5

22.1

11

69.7

2

Pony 2

Timothy

35.3

0

86.8

38.8

0

78.8

a

Mean retention time, calculated using the Blaxter et al., (1956) equation
Percent of marker dose that was not consumed
c
Marker recovery rate
b

In Vivo Digestibility
In vivo digestibility estimates (DMD and NDFD) are shown in Table 3-5.

Dry matter

digestibility was expected to fall within a range of 50% to 70% for both the alfalfa diet
(Exp 1) and the timothy diet (Exp 2). In the current study, there were no differences in
DMD or NDFD estimates between ponies. Alfalfa DMD was greater than timothy DMD
(P = 0.0284), however, there were no differences in NDFD between the two forages (P =
0.6495), which was expected based on the similarity of the fiber content of the two
hays. Digestibility coefficients reported here agree with previous results from other
studies utilizing similar diets (Earing et al., 2010; Miyaji et al., 2008). Slight differences in
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digestibility were attributed to differences in hay composition or particle size between
the current and previous studies.

Table 3-5: In vivo DMD and NDFD estimates obtained in Exp 1 and Exp 2
Diet
DMD, %
NDFD, %

Exp 1

Exp 2

Pony 1

Alfalfa

57.5

37.5

Pony 2

Alfalfa

56.8

33.2

P = 0.6425

P = 0.0987

Pony 1

Timothy

48.8

33.4

Pony 2

Timothy

48.9

33.9

P = 0.9800

P = 0.9492

In Vitro Digestibility
The in vitro digestibility of the alfalfa diet (Exp 1) and the timothy diet (Exp 2) was
evaluated using incubation periods of 24 h and 48 h (shown in Figure 3-1). In Exp 1, the
mean alfalfa in vitro DMD and NDFD increased significantly from 24 to 48 h of
incubation, but was less than the in vivo DMD of alfalfa (P < 0.0007). In Exp 2, mean
timothy in vitro DMD and NDFD increased from 24 to 48 h, at which point in vitro DMD
was not different than in vivo DMD (P < 0.4746). Results obtained in the current study
were similar to those reported by Earing et al. (2010) and Koller et al. (1978), who used
similar quality alfalfa hay and timothy hay, respectively.
In the current study, the ability of the in vitro digestibility technique to estimate in vivo
digestibility seemed to be influenced by diet. In vitro and in vivo digestibility estimates
(DMD and NDFD) for the timothy diet were not different, while estimates for the alfalfa
diet were different. Differences in estimates may be related to physical composition, as
the chemical composition of the alfalfa and timothy cubes were relatively similar.
Factors such as particle size (or chop length) or other hay cube processing procedures
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may have influenced the in vitro and in vivo digestion processes differently for the two
hay types.

60

c

Digestibility, %

40

b

b

50

a

b

c

b

a

30

b
24 h In vitro

b

48 h In vitro
In vivo

20
a

10

a

0

Alfalfa DMD

Alfalfa NDFD

Timothy DMD

Timothy NDFD

Figure 3-1: Mean in vitro and in vivo digestibility (DMD and NDFD) of alfalfa and
timothy hay. Estimates lacking common superscripts within diet and dietary
fraction differ (P < 0.05).

Conclusion
The primary objectives of the preliminary studies were to introduce the author to
techniques used in passage rate experimentation, as well as develop a protocol for
future passage rate studies in the horse. Through the course of the forage washing and
labeling experiments, a generalized procedure was developed for marking forages. The
procedure improved the efficiency of forage washing and maximized the binding of the
Yb to the fiber sources of interest. These modifications to the procedures previously
used in passage rate experiments can reduce the time and cost associated with
preparing labeled feeds. Moreover, the ability to wash large quantities of forage
provide researchers an opportunity to adapt animals to consuming washed but
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unlabeled feeds, and thereby increase the likelihood that marked feed will be consumed
completely when offered.
In addition to introducing the author to passage rate techniques, the pony trial provided
an opportunity for others to become familiar with the techniques as well.

This

experience was important to ensure high quality and consistent support would be
available for subsequent passage rate trials. As a result of the pony trials, it became
evident that adapting the ponies (or horses) to consuming the washed forage was
essential. Overall, the ponies adapted well to the use of the collection harnesses and
consumed their usual diet willingly throughout the collection phase. The Bun-Bag
collection harness proved to be an effective means of collecting feces and was easy to
work with. However, as with any collection device, it was important to monitor the
ponies to prevent sample loss when the ponies rubbed or laid down. Another challenge
was dealing with the large number of fecal samples generated through the course of the
two experiments. Finally, the use of a longer collection period may be necessary to
improve marker recovery rates. The overall procedures used in the current experiments
proved to be successful in estimating passage rate, however, they did not estimate in
vivo digestibility of the alfalfa diet well. As a result of some of the challenges faced,
minor modifications were made to improve the procedures for use in future research.

Copyright © Jennifer Elizabeth Earing 2011
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Chapter 4: Digestion in Weanling and Mature Horses
Rationale
There is a trend toward feeding growing horses diets that depend less on starch and
more on fiber as an energy source. While evidence suggests that diets high in dietary
fiber are beneficial to horses (NRC, 2007), minimal research has focused on at what age
young horses can efficiently utilize fiber as a source of nutrients. Ott et al. (2005)
reported that young horses fed a soy hull diet did not perform as well as horses fed a
traditional concentrate feed, even though the diets were formulated to be isocaloric.
The authors suggested that they may have overestimated the feeding value of the soy
hulls for young horses.

Similarly, Cymbaluk (1990) reported that mature ponies

digested energy and fiber better than 8 mo old colts fed a similar diet. They also found
that mature ponies had a longer digesta retention time than the colts. However,
because the ponies were fed at maintenance and the colts were fed for growth, it is
unclear whether differences in digestion were related to age or level of intake.
In this study, digesta passage (mean retention time) and in vivo digestibility were
measured in weanling colts and mature geldings fed the same diet as a means of
assessing diet utilization. In the interest of predicting diet digestibility differences
associated with age, as well as gaining a better understanding of the digestion process,
an in vitro experiment was conducted and in vitro and in vivo data were compared.
Objectives
The objective of this study was to compare utilization of high forage diets in weanling
and mature horses. The hypothesis was that the mean retention time (of fluid and
particulate phases of digesta) for the weanlings would be less than that of the mature
horse; consequently, digestibility coefficients obtained from the weanling horses would
be lower than those obtained from the mature horses fed the same diet.
Materials & Methods
All procedures were approved by the Institutional Animal Care and Use Committee at
the University of Kentucky (Protocol No. 2008-0311).
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Six weanling colts (five

Thoroughbreds and one Thoroughbred-Paint cross) and six mature geldings (of
Standardbred, Quarter Horse, or Thoroughbred breeding, average age of 14 y) were
used in the current study. The experiment consisted of a 3 wk diet adaptation phase
and a 5 d total fecal collection to measure DM, OM, and NDF digestibility. Marker
techniques developed in the preliminary experiments were used in the current study to
assess MRT of particulate and fluid phases of digesta.
All of the weanlings used in the current study had been foaled and raised on Maine
Chance Farm at the University of Kentucky between March 21, 2008 and May 4, 2008
(actual foaling dates provided in Appendix 7). The foals were raised in a pasture-based
system, typical of that in central Kentucky. Following parturition, mares and foals were
housed outdoors with ad libitum access to cool-season grass pasture. Mares received a
pelleted concentrate twice a day to meet the increased nutritional requirements
associated with lactation. Foals were not provided a creep feed, but had access to their
dam’s feed at each feeding. The foals were dosed with a broad-spectrum de-worming
product and vaccinated for eastern equine encephalomyelitis, western equine
encephalomyelitis, tetanus, rabies, and botulism at 4 mo of age, while the West Nile
Virus vaccine was administered at 5 mo of age.
At approximately 5 mo of age (approximately 4 wks before the beginning of the
experiment), foals were weaned. This process involved removing 1-2 mares per day
from a field of 4-6 mare-foal pairs. Mares were transported across the farm, out of
visual and audible range.
Dietary Treatment
Prior to the start of the experiment, weanlings and geldings were housed in adjacent
fields and had ad libitum access to cool-season pasture. Five of the six geldings received
no supplemental concentrate; supplementation was necessary for one gelding to
maintain consistent body weight.

Weanlings received 2 kg of the same pelleted

concentrate each day to meet the nutrient requirements for growth. All horses were
offered a small amount of alfalfa cubes to expedite the acceptance of the cubes during
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the subsequent diet adaptation phase. Approximately 3 wks prior to the start of the
total fecal collection period weanlings and geldings were adapted to a diet of alfalfa
cubes and an oat-based texturized concentrate, and daily intake was monitored. The
nutrient composition of the dietary components is shown in Table 4-1.
Two weeks before the beginning of each collection period, each pair was adapted to
box stalls and to wearing a fecal collection harness (Bun-Bag, Sagle, ID) for increasing
periods of time. Each weanling colt was conceptually paired with a mature gelding for
feeding purposes (shown in Appendix 8).

Level of intake has been suggested to

influence passage rate, so it was important that horses within each pair were fed
similarly (Pearson et al., 2001). Therefore, care was taken to feed animals within a pair
at the same level as a percentage of metabolic body size (BW0.75). The digestible energy
(DE) requirements of the weanlings were estimated as outlined by the 2007 Nutrient
Requirements for Horses (NRC, 2007). The diet for each weanling was formulated and
the dietary amounts were converted to a metabolic body weight basis. Each gelding
was then fed at the same level as its corresponding weanling (approximately 9.8 to 10%
of BW0.75). During the adaptation phase it became evident that two of the geldings had
voluntary feed intakes below the desired level (actual intakes were 6.5 and 8.1%BW0.75,
respectively). In those pairs, the feed offered to the corresponding weanling was
reduced to a level to provide a comparable intake (6.5 and 8.3% BW0.75, respectively).
All horses received 55% of their DE intake from alfalfa cubes and 45% of their DE intake
from the concentrate. By weight, the overall diet consisted of 67% alfalfa cubes and
33% concentrate (as-fed) for all horses. The diet was offered in two equal meals each
day. Any spilled feed was immediately replaced in the feed tubs to ensure complete
consumption of the allotted diet. All horses had ad libitum access to fresh water and
consumption was determined daily.
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Table 4-1: Nutritional Composition of Dietary Feedstuffs 1
Feedstuff
Alfalfa Cubes
Concentrate

1

DE, Mcal/kg

2.09

3.49

CP, %

16.7

14.3

NDF, %

51.6

18.4

ADF, %

43.9

6.9

Analysis conducted by Dairy One, Ithaca, NY and reported on a DM basis.

Marker Preparation
The liquid phase passage rate marker, Co-EDTA, was prepared according to Uden et al.
(1980; Appendix 4) while the particulate phase marker was prepared using the
procedure outlined in the preliminary experiment (Chapter 3). Markers were dosed on
a metabolic body size basis, both weanling and geldings were dosed to receive 9 mg of
Co and 9 mg Yb per kg BW0.75. Because of concerns associated with complete marker
consumption by the weanlings (specifically the Yb-labeled NDF), the amount of maker
dosed was less than that dosed during the preliminary trial (which was approximately 12
mg marker/kg BW0.75). Dosing calculations were made using body weights recorded 1
wk before marker administration (Appendix 9).
Marker Administration
Figure 4-1 depicts the timeline of events. Prior to the start of the 5 d total fecal
collection period, horses were offered unlabeled, washed hay (NDF residue) in order to
adapt the animals to completely consuming the Yb-labeled NDF residue that would
serve as the particulate phase passage rate marker. The texture and coarseness of the
chopped, washed hay made it generally unacceptable to the horses. To increase the
palatability, the washed hay was mixed with molasses and two-thirds of the concentrate
portion of the morning meal. This mixture proved palatable and complete consumption
of the washed hay was not a problem. Once the washed hay was consumed, the horses
were offered the remainder of their morning meal. The quantity of washed hay was
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increased over the course of the 7 d adaptation period such that all horses were
consuming the desired amount 1 to 2 d prior to the start of the collection phase.
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ADAPTATION PHASE
0

1

Begin 14 d
adaptation to
diet, housing,
and collection
harnesses

2

3

4

5

6

7

8

9

Begin 7 d
adaptation to
washed, unlabeled
hay
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Figure 4-1: Timeline for Experiment 1.

COLLECTION PHASE
10

11

12

13

14

15

Marked feed
administered before
AM meal; harness
put on; fecal
collection started

16

17

18

19

Last fecal sample
collected at 120 h;
harness removed;
freshly voided fecal
sample collected
for in vitro
incubation
following harness
removal

On day 1 of the total fecal collection, horses were administered the labeled feed. The
Yb-labeled NDF residue was mixed with the concentrate/molasses mixture. Care was
taken that all NDF residue remained mixed in the feed, not attached to the mixing
utensil or the sides of the feed tubs. Co-EDTA crystals were top-dressed and the
concentrate mixture was gently folded over the crystals and mixed. A small amount of
water was used to rinse the NDF residue and Co-EDTA crystals from the mixing utensil
into the concentrate mixture. Horses were offered the marked feed mixture first; once
the marked mixture was completely consumed, the remainder of the morning
concentrate and the morning allotment of the alfalfa cubes were offered.
Total Fecal Collection
A 5 d total fecal collection was performed with each pair when the weanling of each pair
reached 6 mo of age. During the collection, horses were kept in individual stalls
(approximately 4.25 m x 4.25m) with rubber mat floors. They were fed and hand
walked 15 min, twice each day (800 and 1600 h). Horses were monitored constantly;
any spilled feed was returned to the feed tub before it could be soiled. There were only
a few instances of feed refusal; if present, orts were measured each 24 h period.
Fecal Sampling
Following the complete consumption of the marker, the horses were fitted with the
fecal collection devices. Feces were collected using a Bun-Bag collection harness (BunBag, Sagle, ID) that was emptied every 1 to 2 h. At each collection, the soiled Bun-Bag
was removed and a clean one immediately reattached to prevent loss of any sample.
Each collection (typically 1-2 defecations) was weighed and recorded; a small subsample
(250 g) was collected and retained for passage rate marker analysis. The remaining fecal
material was compiled daily by horse. Bun-Bags were thoroughly washed with water
and allowed to air dry. At the end of each 24 h period, the compiled feces were
thoroughly mixed and a subsample (10% of total daily weight of the feces) from each
animal were collected and frozen for in vivo digestibility determination.
collection continued for 5 d.
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Sample

Following the removal of the fecal collection harness at the end of the 5 d total fecal
collection, a freshly voided fecal sample was collected from each horse. Each sample
was placed in an air-tight plastic bag and stored in a 39 degree Celsius insulated
container during transport into the laboratory. Once in the laboratory, the feces were
used as inoculum in an in vitro digestibility experiment.
Procedures developed by Earing et al. (2010) for use with the Ankom DaisyII Incubator
were followed (Appendix 10) to obtain estimates of in vitro DMD. Samples (0.25 g) of
the following feedstuffs were weighed into individual Ankom F57 filter bags: 1)
concentrate (provided in diet), 2) alfalfa cubes (provided in diet), 3) mixture of
concentrate and alfalfa cubes (at ratio offered to each horse), 4) Bermudagrass hay
(forage used for binding Yb), and 5) mixed grass hay. Bermudagrass and mixed grass
hay were selected, in addition to the alfalfa and concentrate (in vivo diet components),
so that a variety of feedstuffs and feedstuff quality could be evaluated in vitro. The
nutrient composition of the two grass hays is provided in Table 4-2. The samples were
incubated for 24 h and 48 h, and then rinsed and dried in a 55 degree Celsius forced-air
oven for 24 h. The dry weights of the filter bags were used to calculate in vitro DMD.
Table 4-2: Nutrient analysis of hay used in the DaisyII in vitro incubation1
Feedstuff2
Bermudagrass Hay
Mixed Grass Hay

1
2

DE, Mcal/kg

1.85

2.22

CP, %

13.8

13.8

NDF, %

71.7

55.6

ADF, %

38.6

39.1

Analysis conducted by Dairy One, Ithaca, NY and reported on a DM basis.
Refer to Table 4-1 for the nutrient analysis of the concentrate and alfalfa cubes.
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Sample Analysis
Mean Retention Time Samples
The fecal samples collected at 1-2 h intervals from each weanling and gelding were dried
to constant weight in a 55 degree Celsius forced-air oven and digested in 15.8 N nitric
acid using a microwave (Microwave Sample Preparation System CEM Corporation,
Matthews, NC); all samples were analyzed for Yb and Co concentrations using
inductively coupled plasma spectrometry (described in Appendix 3; Varian Vista Pro ICPOES, Palo Alto, California). For each horse, estimates of MRT were calculated using
equations published by Blaxter et al. (1956) and Thielmans et al. (1978; equations
shown in Appendix 6). The MRT of the fluid phase was calculated using Co excretion
data, while the particulate phase MRT was calculated using Yb excretion data.
In Vivo Digestibility Samples
Samples of each horse’s feces was dried to constant weight in a 55 degree Celsius
forced-air oven.

Dry matter determinations were used to calculate in vivo DMD.

Subsequently, the samples were ground to 1 mm using a Wiley Mill (Arthur H. Thomas
Co., Philadelphia, PA) and analyzed for NDF content using the Ankom Fiber Analyzer
(Ankom Technology Corp., Fairport, NY). Organic matter content was determined by
ashing the feed and fecal samples in a muffle furnace at 600 degrees Celsius for 12 h.
Content of NDF and OM of the feed and feces were used to calculate in vivo NDFD and
OMD.
Statistical Analysis
Paired t-tests were used to compare MRT estimates. For each animal, the MRT estimate
obtained using the Blaxter et al. (1956) equation was compared to the estimate
obtained using the Thielmans et al., (1978) for each marker (Co and Yb). Additionally,
fluid (Co) MRT and particulate (Yb) MRT estimates for each horse were compared using
paired t-tests.
The effect of horse age (weanling or gelding) on intake, DMD, NDFD, OMD, MRT, and
marker recovery was determined using Proc GLM procedures of SAS. Each pair of
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animals (one weanling and one gelding) was treated as a block. The model statement
included terms for pair and age; lsmeans are reported.
Relationships between age, 24 h in vitro digestibility, or 48 h in vitro digestibility and in
vivo digestibility were identified using Proc REG procedures of SAS.

Differences from

all previously mentioned statistical tests were considered statistically significant when P
< 0.05.
Results and Discussion
The average body weight of the weanlings was 252 ± 9 kg while the average body
weight of the geldings was 550 ± 23 kg 1 wk prior to the collections (individual BW
reported in Appendix 11). Average daily gain in the weanlings was 0.8 ± 0.2 kg/d (14
day average, including the week prior to and the week of the collection). The growth
patterns observed in the weanlings of the current study agree well with previous
reports. Six month old horses in Kentucky were reported to have an average body
weight of 250.7 ± 0.7 kg with a growth rate of approximately 0.75 kg/d (n=6830; BrownDouglas and Pagan, 2009). In a summary of thoroughbred growth data, Ringler and
Lawrence (2008) reported average body weight of 254 kg and average daily gain of 0.82
kg/d at 6 mo of age (n=215).
As mentioned previously, it became evident during the adaptation phase that two
geldings had voluntary feed intakes below the desired level. Consequently, the feed
offered to the weanlings in each of those pairs was reduced such that both animals
within a pair were offered the same amount of feed (as a percentage of BW 0.75)
throughout the collection phase. The forage:concentrate ratio was maintained at 67:33.
Individual dry matter intakes and water consumption recorded during the collection
phase are shown in Appendix 12 and Appendix 13.
Over the course of the collection period, feed refusal was minimal. As a result, actual
intakes (expressed as a % of BW0.75) between the weanling and gelding in each pair were
not different (Table 4-3; P = 0.6316). Comparisons with previously published studies
establish the fact that total DM intake rates reported in the current study were within
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an appropriate range for young and mature horses. Edouard et al. (2008) measured
intake of alfalfa hay by mature horses (490 kg avg BW) to be similar to the total DMI
observed in the current study. When converted to a BW0.75 basis, the DMI of the horses
on the Edouard study was approximately 9.2% BW0,75/d; mature horses on the current
study consumed 9.12% BW0.75 of DM/d. Similarly, voluntary intake of alfalfa, tall fescue,
and caucasian bluestem hay was reported to range from 10.2 to 12.2% BW0.75 in mature
horses (Crozier et al., 1997). Cymbaluk (1990) investigated voluntary intake in young
horses consuming a diet of 25% chopped bromegrass hay and 75% pelleted feed
(primarily alfalfa-brome hay, barley, and oats).

The DMI of the 8 mo old horses

averaged 8.1% BW0.75. La Casha et al. (1999) reported voluntary intakes of 13.4%
BW0.75, 12.3% BW0.75, and 9.2% BW0.75for yearling horses offered alfalfa, Matua
bromegrass and coastal Bermudagrass hay, respectively.

The current study was not

designed to measure voluntary intake; however, although intake was restricted, it was
close to what some authors have reported under ad libitum feeding conditions. Intake
(DMI as a % of BW0.75) among pairs was different (P < 0.0001); this observation was
explained by the reduced feed offered to the two uncooperative geldings and their
corresponding weanlings.
Nutrient requirements of a given animal are more closely related to metabolic body
weight, rather than body weight. Therefore, metabolic body weight (BW0.75) was used
to equalize feed intake among all horses on the study. Consequently, differences in
digestibility and passage rate would be related to age, not level of intake.
When expressed as a percentage of actual BW, weanling DMI averaged 2.29% of BW
and gelding DMI averaged 1.88% of BW (P = 0.0002) in the current study. These rates
are within a range considered acceptable for young and older horses, respectively (NRC,
2007). An intake rate of 1.8% BW was used in an investigation of passage rate in a
group of mature horses fed alfalfa-orchardgrass mixed hay (Holland et al., 1998) while
Cymbaluk (1990) reported ad libitum intake of 8 mo old horses to be 2.1% BW. The
study by La Casha et al. (1999) estimated voluntary DMI of yearlings to be 3.1% BW,
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2.8% BW, and 2.1% BW for alfalfa, Matua bromegrass and coastal Bermudagrass hays,
respectively.

Table 4-3: Mean DMI and water consumption for weanling and gelding horses (mean ±
SEM; n = 6).
DMI
Water
Water
Water
Water
Consumption Consumption Consumption Consumption
0.75
(% BW )
(L/day)
(L/kg BW)
(L/kg BW0.75) (L/kg DMI)
Weanling

9.14 ± 0.6

18.4 ± 2.1

0.07 ± 0.006

0.29 ± 0.02

3.36 ± 0.36

Gelding

9.12 ± 0.6

23.8 ± 2.1

0.04 ± 0.006

0.21 ± 0.02

2.32 ± 0.36

P-value

0.6316

0.1285

0.0159

0.0643

0.0991

Water intake has been shown to have varying effects on diet digestibility and digesta
passage rate. When water intake was restricted to 60% of ad libitum consumption,
DMD and crude fiber digestibility increased in Shorthorn cows. However, the changes
observed in digesta MRT were not significant enough to explain changes in diet
digestibility (Balch et al., 1953). Conversely, Hadjigeorgious et al. (2000) observed no
differences in DMI, DMD, or digesta passage when water intake was restricted in sheep.
Similarly, no differences in digestibility were observed among cattle provided water free
choice, at 80% of ad libitum intake, or at 60% ad libitum intake (Utley et al., 1970).
In the current study, water consumption was measured for each horse.

For the

weanlings, water consumption averaged 18.4 L/day, while geldings consumed an
average of 23.8 L/day (P = 0.1285). Based on previous research, the NRC (2007)
suggests that the average daily water intake for yearling horses ranges from 17-21 L/d,
which agrees well with the finding reported in the current study. Likewise, the NRC
(2007) estimates the maintenance water intake of adult horses is approximately 5 L/100
kg BW; no estimates (expressed as a proportion of BW) were available for young horses.
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When water intake was expressed as L/100 kg BW, intakes were significantly different
between the two age groups (weanlings = 7.4 L/100 kg BW; geldings = 4.3 L/100 kg BW);
however, when expressed as L/kg BW0.75 or L/kg DMI, intake was not different between
young and mature horses. Correspondingly, fecal DM was not different between age
groups (weanlings = 26.3%; geldings = 28.8%; P = 0.0693). Because DM and water
intakes were within ranges described previously in the literature, the observations
reported in the current study should apply to typical situations.
Mean Retention Time
The attempt to adapt all horses to consuming unlabeled, washed hay proved to be
successful. All horses were offered unlabeled NDF residue in increasing amounts one
week prior to the collection phase. Consequently, when offered the Yb-labeled NDF
residue/Co-EDTA/sweet feed mixture on d 1 of the collection phase, all animals
consumed the entire dose of marked feed, licking their feed tubs clean within 20 min.
The number of fecal samples generated over the course of the 5 d collection (i.e. the
number of defecations sampled) ranged from 67-90 samples (weanlings) and 49-79
samples (geldings). All samples from the weanling and gelding of the first pair of
animals were analyzed for marker concentrations. Because of the expense associated
with ICP analysis, marker recovery rates of the 5 d collection for the first pair were
compared to results obtained when only feces from d 1 through d 3 were analyzed for
that pair. Recovery rates of both markers for this weanling-gelding pair are shown in
Table 4-4. Recovery rates were greater than 80% for both markers; this was true in both
the weanling and gelding. While no statistical analyses were conducted, differences in
marker recovery between the 3 d and 5 d collection period were less than 1% (of total
marker dosed). Consequently, it was decided that the small increase in marker recovery
did not warrant the additional time and cost associated with the analysis of d 4 and d 5
fecal samples for the remaining pairs.

Mean retention time data presented here

represents marker excretion during the first 72 h following marker administration in all
12 horses.
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Table 4-4: Recovery rates associated with 3 d or 5 d fecal collection period for pair 1.
3 d Co Recovery, 5 d Co Recovery, 3 d Yb Recovery, 5 d Yb Recovery,
%

%

%

%

Weanling

80.5

81.2

86.6

87.4

Gelding

83.5

83.5

85.8

85.8

Mean retention time of the fluid and particulate phase was estimated for each horse
using the equations of Blaxter et al. (1956) and Thielmans et al. (1978); estimates are
shown in Appendix 14. Marker excretion curves for each horse are found in Appendix
15. Comparison of the estimates from each of the two equations was not significantly
different. Therefore, estimates obtained using the Blaxter equation were used for
comparing to the current study to previous research. Mean estimates of MRT are
shown in Table 4-5.

Table 4-5: Mean estimates of MRT and in vivo digestibility in weanlings and geldings (n =
6).
Fluid (Co) MRT Particulate (Yb) MRT
DMD
NDFD
OMD
(h)

(h)

%

Weanling

21.6 ± 0.6

24.9 ± 1.1

58.2 ± 0.5 31.5 ± 1.1 59.8 ± 1.0

Gelding

23.1 ± 0.6

24.8 ± 1.1

57.9 ± 0.5 34.2 ± 1.1 60.9 ± 1.0

P-value

0.8017

0.9849

0.7157

%

0.1530

%

0.4554

The average MRT of the fluid phase was 21.6 h while the average MRT of the particulate
phase was 24.9 h for the weanlings. Limited information is available regarding passage
rate in young, growing horses. While Grace et al. (2003) used the mobile bag technique
to measure digesta passage in weanlings, the estimates reported were similar to those
of the current study. Intakes were reported to be 5.5 kg DM/d (Grace et al., 2003) and
5.8 kg DM/d (current study). Additionally, Grace et al. (2003) reported the MRT to be
25.5 h, similar to the Yb MRT (24.9 h) reported in the current study.
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The average MRT of the fluid phase was 21.3 h and the average MRT of the particulate
phase was 24.8 h for the geldings. Similarly, Rosenfeld et al. (2006) reported a MRT
estimate of 26.2 h for Yb-labeled oats and 25.5 h for Cr-labeled timothy hay when
mature horses consumed a 70:30 hay:concentrate diet at 1.8-2.0% BW. Austbo and
Volden (2006) measured MRT in mature horses also fed timothy hay and pelleted
concentrate at a 70:30 ratio. When fed at a rate of 1.7% BW, a MRT estimate of 26.4 h
was reported.

In another study, geldings fed at maintenance (85% hay, 15%

concentrate) were determined to have a MRT of 25.2 h (Miraglia et al., 1992). All of
these previous studies reported MRT as calculated by Thielmans et al., (1978).
The average MRT of the fluid phase for the weanlings was not different than that of the
mature horses (P = 0.8017). Similarly, the average MRT of the particulate phase was not
different between weanlings and mature horses (P = 0.9849). Similar results have been
reported in other species. In sheep, MRT was similar between young and mature sheep
when offered a high quality forage diet at similar levels of intake (Egan and Doyle,
1982). Additionally, Meyer and coworkers (1993) suggest that by 6 mo of age, the size
of the gastrointestinal tract of a foal is similar to that of the mature horse (relative to
body weight).
Contrary to the results obtained in the present study, Cymbaluk (1990) reported that
mature ponies had longer digestive tract retention times than 8 mo old colts (47.4 h and
40.5 h respectively). However, while ponies were fed at maintenance levels, the colts
were fed for moderate growth. Therefore, differences in retention time may be related
to level of intake rather than age. Total water intake was also greater in the young
horses, possibly reducing digesta retention time in the gastrointestinal tract.
Additionally, Cymbaluk reported digesta retention as ‘80% retention time’. It is unclear
how these values were calculated; consequently, it is difficult to compare these values
to MRT estimates of the current study.
Mean excretion curves and cumulative excretion curves are shown in Figures 4-2, 4-3, 44, and 4-5. In the current study, the marker excretion curves for the Co and Yb were
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very similar.

This observation was also noted by Austbo and Volden (2006) and

Rosenfeld et al., (2006), which estimated MRT to be between 25.5 h and 26.4 h.
However, while Co and Yb marker excretion curves appeared similar, the actual
estimates of fluid (Co) MRT and particulate (Yb) MRT were different in the current
study; the fluid MRT averaged 21.5 h and was shorter than the particulate MRT of 24.9 h
(P = 0.001). Similarly, Uden et al., (1982b) reported a shorter fluid phase MRT than
particulate phase MRT for both ruminants and horses.
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Figure 4-2: Mean Co excretion (mg/kg dry feces) by weanlings and geldings over time (n
= 6).
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Figure 4-3: Mean Yb excretion (mg/kg dry feces) by weanlings and geldings over time (n
= 6).
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Figure 4-4: Mean cumulative Co excretion (% of total dosed) by weanlings and geldings
over time (n = 6).
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Figure 4-5: Mean cumulative Yb excretion (% of total dosed) by weanlings and geldings
over time (n = 6).

Recovery of each marker was not different between weanlings and geldings (P = 0.8594
for Co and P = 0.9125 for Yb). Mean recovery data are shown in Table 4-6; individual
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data are provided in Appendix 16). The recovery of Co was less than that of Yb (P <
0.0001); Co recovery was 73.7% (weanlings) and 74.3% (geldings) and Yb recovery was
84.3% (weanlings) and 84.8% (geldings). Moore-Colyer et al., (2003) and Drogoul et al.,
(2000) reported marker recovery rates of >95% and 94%, respectively, for Yb-labeled
hay. However, in both of those studies, feces were collected over a 7 d period,
compared to the 3 d collection used in the current experiment. However, based on the
marker recovery curves, it is unlikely that a longer collection period would have
substantially improved marker recovery rates.

Table 4-6: Average recovery rates of each marker (n =6).
Co Recovery, % Yb Recovery, %
Weanlings

73.7

84.3

Geldings

74.3

84.8

P-value

0.8594

0.9125

In vivo Digestibility
Dry Matter Digestibility
Individual estimates of digestibility (DMD, NDFD and OMD) are shown in Appendix 19;
mean estimates are shown in Table 4-5. Grace et al. (2003) observed DMD in weanlings
to be 62% when consuming 5.5 kg (DM)/d fresh pasture (perennial ryegrass/white
clover, 22% CP, 40% NDF, 24% ADF). La Casha et al. (1999) measured voluntary intake
and digestibility of alfalfa hay in yearling horses. Yearlings consumed more alfalfa hay
(13.4% BW0.75) and had higher DMD (63%) than the weanlings in the current study
(9.14% BW0.75, 58.2% DMD). Little information is available concerning digestion in
young horses, so while the experimental conditions varied slightly between the three
studies, the work of Grace et al. (2003) and La Casha et al. (1999) support the
digestibility estimates obtained in the current study well. The diets (of Grace et al.,
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2003 and La Casha et al., 1999) were of higher nutritive value, so it follows that their
DMD estimates were higher than those obtained in the current study.
In vivo DMD in mature horses has been investigated extensively. Edouard et al. (2008)
measured in vivo DMD of five different alfalfa hays (average composition: 16.5% CP and
51.7% NDF) consumed by mature geldings. In vivo DMD was 58.4% when consumed at a
rate of 9.23% BW0.75, similar to level provided in the current study (9.12% BW0.75).
Likewise, when mature horses consumed an alfalfa-orchardgrass/concentrate diet
(14.1% CP, 46.2% NDF, 25.9% ADF, fed in a 70:30 ratio) at 8.9% BW 0.75, in vivo DMD was
estimated to be 56.2% (Holland et al., 1998).
In the present study, DMD was different among pairs (P = 0.0386) and is attributed to
the differences in level of intake (as %BW0.75) among pairs (i.e. for two pairs, the feed
intake was reduced). The effect of age was not significant (P = 0.7157); the DMD
estimate obtained from the weanlings in the current study was 58.2%, while the DMD
obtained from the geldings was 57.9%. In contrast, Cymbaluk (1990) observed higher
DMD estimates in mature ponies than in 8 mo old colts (66.2% and 64.8%, respectively).
While reported as statistically significant, it is unlikely this difference was biologically
meaningful. Regardless, the increased digestibility in the ponies was attributed to a
significantly longer digesta retention time compared to that observed in the young colts.
This was not observed in the current study.
Organic Matter Digestibility
In vivo OMD averaged 59.8% for weanlings and 60.9% for geldings and was not different
(P = 0.4554); OMD among pairs was different (P = 0.0072). La Casha et al. (1999) found
in vivo OMD to be 74% in yearlings fed alfalfa at 13.4% BW0.75. Similar to the in vivo
DMD data, the in vivo OMD estimates found in the current study are lower than those
found by La Casha and co workers (1999). Differences in diet type (forage versus
forage/concentrate) and overall diet quality likely explain the differences between
estimates from the two studies. Similarly, Drogoul et al. (2001) reported in vivo OMD to
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be 55% when mature ponies were offered a meadow hay/barley diet (70:30 ratio) the
same rate (of BW0.75).
Neutral Detergent Fiber Digestibility
In vivo NDFD in yearlings fed alfalfa (as reported by La Casha et al., 1999) averaged 24%.
The estimate obtained for weanlings in the current study was greater, and is possibly
explained by the presence of concentrate in the diet, which has been reported to
increase NDFD in some cases (Palmgren Karlsson et al., 2000). Providing a small amount
of concentrate in the diet has been suggested to stimulate hindgut microbial activity,
thereby increasing fiber digestion (Kern et al., 1973).
Holland et al. (1998) reported the in vivo NDFD was 42.2% for a forage/concentrate diet,
while Drogoul et al. (2001) measured the NDFD obtained from mature ponies to be
40.4% when consuming meadow hay and barley (70:30 ratio) at a similar rate
(expressed as BW0.75). This estimate is much closer to that obtained from geldings in the
current study (34.2%).
In vivo digestibility of NDF was not different among pairs (P = 0.3345) or between young
and mature horses (P = 0.1530). The NDFD of the weanlings averaged 31.5% and 34.2%
for the geldings. As mentioned previously, limited research has compared digestion in
young and mature horses; this is particularly true of NDF digestion. As with DMD,
Cymbaluk (1990) reported higher estimates of NDFD in ponies compared to 8 mo old
colts (50.1% and 48.3%, respectively). While DMD and NDFD were significantly greater
in ponies, the differences were less than 2%, which brings to question their biological
significance. However, in that work the higher digestibility observed in the ponies was
supported by a longer retention time, a relationship that was observed in the current
study.
In vitro Digestibility
The in vitro DMD estimates of the five substrates evaluated are shown in Table 4-7
(individual data shown in Appendix 17 and 18). The purpose of the in vitro experiment
was to determine wither age (weanling or gelding), 24 h in vitro digestibility values, or
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48 h in vitro digestibility values were related to differences in in vivo digestibility among
horses.

Table 4-7: Mean 24 h in vitro DMD and 48 h in vitro DMD for weanling and gelding
horses.
24 h In vitro DMD, %
48 h In vitro DMD, %
Substrate

Weanlings

Geldings

Weanlings

Geldings

Concentrate

70.78

67.71

72.01

68.11

Alfalfa Cubes

37.85

37.16

38.80

39.92

Alf/Concentrate Mix

48.34

49.58

55.00

50.92

Bermudagrass Hay

21.22

18.63

23.21

20.72

Mixed Grass Hay

35.43

36.32

41.92

39.03

It was anticipated that there would be an increase in digestibility between 24 and 48 h
of incubation; others have reported this trend (Lattimer et al., 2007; Earing et al., 2010).
However, for 4 of the 12 horses, the 48 h in vitro digestibility estimate was lower than
the 24 h estimate, suggesting that there may have been problems with the incubations.
While statistical analysis did not reveal a significant relationship between age, 24 h in
vitro, or 48 h in vitro digestibility and in vivo digestibility, it is possible that the issues
with the incubations prevented accurate estimation of in vitro diet digestibility.
If the 48 h in vitro digestibility estimates had been higher, as expected, there may have
been a stronger relationship between in vitro and in vivo digestibility. Due to the lack of
relationship between in vitro and in vivo data, no comparisons or conclusions were
drawn in regards to the in vitro digestibility estimates obtained from the remaining 4
feedstuffs evaluated.
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Others have successfully estimated in vivo digestibility using the DaisyII incubator.
Lattimer et al. (2007) reported similar in vitro and in vivo digestibility estimates using a
48 h incubation length, while Earing et al. (2010) reported similar digestibility estimates
using an incubation length of 72 h.
Conclusions
Overall, the data obtained in the current study compare well with previously reported
research, although limited information is available regarding digestion in weanling
horses. When fed a high quality forage-based diet, the young horses in the current
study were able to utilize the diet as efficiently as mature geldings; when fed the same
diet, at the same level of intake (expressed as % BW0.75), MRT and digestibility (DMD,
NDFD, and OMD) were not different. These results suggest that the ability of weanling
growing horses, raised in pasture-based systems, to digest a high quality diet is well
established by 6 mo of age.
The study reported by Cymbaluk (1990) is one of the few investigations comparing
digestion in young and mature horses. Had the author described how the retention
time was calculated, it would be possible to make direct comparisons between this and
the current study regarding digesta retention.

It would have been interesting to

determine whether the higher digestibility estimates observed by Cymbaluk were a
result of a longer retention time, or some other factor.

Copyright © Jennifer Elizabeth Earing 2011
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Chapter 5: Digestion in Yearling and Mature Horses
Rationale
Based on the report by Ott et al., (2005), it was expected that young horses would not
be as efficient forage digesters as mature horses. However, the previous experiment
demonstrated weanling horses (6 mo of age) could digest a high quality, forage-based
diet as efficiently as mature horses. Mean retention time, which has been shown to
influence digestibility, was also similar between weanling and mature horses.
Therefore, it was of interest to determine whether digestive capabilities of young horses
were similar to that of mature horses when provided a lower quality, forage-based diet.
The findings of the current study may confirm the observations made by Ott et al.
(2005) and will provide information useful in formulating optimal diets for young horses.
Objectives
The objective of this study was to compare diet utilization in yearling and mature
horses. Diet digestibility and digesta passage measurements were used to assess diet
utilization. The hypothesis was that digestion of a high fiber, forage-based diet would
be greater in the mature horses than in yearling horses, but that passage rate would be
similar between the two groups.
Materials & Methods
The Institutional Animal Care and Use Committee at the University of Kentucky
approved all procedures (Protocol No. 2008-0311).

Six yearling colts (five

Thoroughbreds and one Thoroughbred-Paint cross) and six mature geldings (of
Standardbred, Quarter Horse, or Thoroughbred breeding, average age of 15 y) were
used in the current study. All horses used in the current study had been used in the
previous experiment investigating digestibility and passage rate in weanling and mature
horses. The experiment consisted of a 2 wk diet adaptation phase and a 3 d total fecal
collection. Passage rate marker techniques developed in the preliminary experiments
were used in the current study.
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Dietary Treatment
Prior to the start of the experiment, yearlings and geldings had ad libitum access to coolseason pasture.

Five of the six geldings received no supplemental concentrate;

supplementation was necessary for one gelding to maintain consistent body weight.
Yearlings received the same pelleted concentrate each day to meet the nutrient
requirements for growth.
Starting 3 wk prior to the collection period, all horses were offered a small amount of
alfalfa cubes with their usual morning meal to expedite the acceptance of the cubes
during the subsequent diet adaptation phase.

This experiment was intended to

investigate the utilization of timothy cubes (a higher fiber forage) by young horses;
however, alfalfa cubes were fed 1 wk preceding the adaptation phase, as timothy cubes
were not yet available. Each yearling colt was paired with the same mature gelding as in
the previous experiment (shown in Appendix 8). Two weeks before the beginning of
each collection period, each pair was adapted to box stalls (approximately 3.6 m x 3.6
m) and to wearing a fecal collection harness (Bun-Bag, Sagle, ID), as well as the
treatment diet.

The digestible energy (DE) requirements of the yearlings were

estimated as outlined by the 2007 Nutrient Requirements for Horses (NRC, 2007). The
diet for each yearling was formulated and the dietary amounts were converted to a
metabolic body size basis.

Each gelding was then fed at the same level as its

corresponding yearling (approximately 9.5% of BW0.75). During the adaptation phase it
became evident that the voluntary feed intake of two of the geldings was below the
desired level.

In those pairs, the feed offered to the corresponding yearling was

reduced such that animals within each pair were provided a similar amount of feed (as a
% BW0.75). One pair received the diet at 7.23% BW0.75, while the second pair received
the diet at 7.64% BW0.75.
The overall diet consisted of 75% timothy cubes and 25% concentrate for all horses
(nutrient analysis shown in Table 4-1). The concentrate portion of the diet included an
oat-based, texturized sweet feed and a protein supplement, fed in equal proportions
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(DM basis). The diet was offered in two equal meals each day. Because the timothy
cubes seemed less palatable, a small amount of very dilute molasses was mixed with the
cubes before being offered to the horses. This modification appeared to make the
timothy cubes acceptable, as minimal orts were collected during the adaptation phase.
All horses had ad libitum access to fresh water and intake was measured daily.

Table 5-1: Nutritional Composition of Dietary Feedstuffs1
Feedstuff
Timothy Cubes
Sweet Feed

1

Supplement

DE, Mcal/kg

2.07

3.37

3.41

CP, %

9.8

20.9

35.0

NDF, %

63.7

19.7

13.5

ADF, %

38.0

9.7

7.9

Analysis conducted by Dairy One, Ithaca, NY and reported on a DM basis.

Marker Preparation
Liquid and particulate phase markers (Co-EDTA and Yb-labeled NDF, respectively) were
prepared as in the previous experiment. Marker dosing in the previous experiment was
9 mg marker/kg BW0.75; because both young and mature horses willingly consumed both
markers, it was decided to increase the marker dosage in an attempt to improve marker
recovery rates. In the current experiment, horses received 15 mg marker/kg BW0.75,
which was similar to the level dosed by Rosenfeld et al. (2006; approximately 16 mg
Yb/kg BW0.75), who reported marker recoveries >95%. As a result of problems with the
horse scale, limited BW measurements were obtained during this experiment.
Consequently, body weights recorded approximately 2 wks before marker
administration were used to calculate dosing amounts (Appendix 21).
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Marker Administration
As in the previous experiment, prior to the collection, horses were offered unlabeled,
washed hay (NDF residue) with part of their morning concentrate allotment to adapt
them to consuming the particulate phase marker, when dosed. A small amount of
molasses was used to make the NDF residue-concentrate mixture more palatable.
Figure 5-1 depicts the timeline of events. On d 1 of the total fecal collection, horses
were dosed with the 2 phase markers. The Yb-labeled NDF residue was mixed with a
portion of their morning concentrate. A small amount of molasses was added to bind
the Yb- labeled fiber and the concentrate. Care was taken that all NDF residue remained
mixed in the feed, not attached to the mixing utensil or the sides of the feed tubs. CoEDTA crystals were top-dressed and the concentrate mixture was gently folded over the
crystals and mixed. A small amount of water was used to rinse the Yb-NDF residue and
the Co-EDTA crystals from the mixing utensil and into the concentrate mixture. The
horses were provided the Yb-NDF/Co-EDTA/concentrate mixture first; once the marked
mixture was completely consumed, the remainder of the morning concentrate and the
morning allotment of the timothy cubes were provided.
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Figure 5-1: Timeline for Experiment 2.
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Total Fecal Collection
A 3 d total fecal collection was performed with each pair as the yearling of each pair
reached 12 mo of age; average age of the yearlings was 12.7 mo (actual ages at time of
collection are shown in Appendix 20). Based on original foaling dates, it was possible to
easily divide the six pairs into two groups. Pairs 1-3 were collected simultaneously; 2 wk
later, pairs 4-6 were collected. During the collection, horses were kept in individual
stalls (approximately 3.6 m x 3.6 m) with rubber mat floors. All horses were fed at 800
and 1600 h and were hand walked for 15 min, twice each day. When possible, spilled
feed was returned to the feed tub before it could be soiled. If present, orts were
recorded each 24 h period.
Fecal Sampling
After marker administration on d 1, each horse was fitted with a fecal collection device
(Bun-Bag collection harness; Bun-Bag, Sagle, ID). Based on the results from the previous
experiment, the Bun-Bag was emptied every 4 h, rather than each 1 – 2 h. Horses were
checked every hour to ensure no sample loss, however, horses were only disturbed if
necessary.
At each 4 h collection, the soiled Bun-Bag was removed and a clean one immediately
reattached to prevent loss of any sample. Each collection was weighed and recorded; a
small subsample (7% of total weight) was collected and retained for passage rate
marker analysis. The remaining fecal material was compiled daily by horse. Bun-Bags
were thoroughly washed with water and hung to air dry. At the end of each 24 h
period, the compiled fecal material was thoroughly mixed and a subsample (10% of total
daily weight of the feces) from each animal was collected and frozen for in vivo
digestibility analysis. Sample collection continued for 3 d. Subsequently, grab samples
were collected at approximately 80 h, 96 h, 120 h, and 144 h post dose to monitor fecal
marker excretion.
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Sample Analysis
Mean Retention Time Samples
Fecal samples from each yearling and gelding were dried to constant weight in a 55
degree Celsius forced-air oven and digested in concentrated nitric acid using a
microwave (Microwave Sample Preparation System CEM Corporation, Matthews, NC);
inductively coupled plasma spectrometry was used to measure Yb and Co
concentrations (described in Appendix 3; Varian Vista Pro ICP-OES, Palo Alto, California).
Estimates of MRT were calculated for each horse using marker excretion data and the
equations of Blaxter et al. (1956) and Thielmans et al. (1978; equations shown in
Appendix 6). Cobalt excretion data was used to calculate fluid phase MRT while Yb
excretion data was used to calculate particulate phase MRT.
In Vivo Digestibility Samples
The in vivo digestibility fecal sample was dried to constant weight in a 55 degree Celsius
forced-air oven. Dry matter determinations were used to calculate in vivo DMD. The
samples were then ground to 1 mm using a Wiley Mill (Arthur H. Thomas Co.,
Philadelphia, PA) and analyzed for NDF content using the Ankom Fiber Analyzer (Ankom
Technology Corp., Fairport, NY). Additional feed and fecal samples were ashed in a
muffle furnace at 600 degree Celsius for 12 h to determine OM content. Subsequently,
NDF and OM content of the feed and feces were used to calculate in vivo NDFD and
OMD.
Statistical Analysis
Mean retention time estimates calculated for each horse, using each of the two
equations (Blaxter et al., 1956 and Thielmans et al., 1978) were compared using paired
t-tests. Differences in fluid and particulate phase MRT for each horse were compared
using paired t-tests as well.
The effect of horse age (yearling or gelding) on intake, DMD, NDFD, OMD, MRT, and
marker recovery was determined using Proc GLM procedures of SAS. Each pair of
animals (one yearling and one gelding) was treated as a block. The model statement
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included terms for pair and age. One pair was removed from the digestibility data set
because of inaccurate estimate of consumption, therefore, least squares means are
reported for the data.
Results and Discussion
The average body weight of the yearlings was 353 ± 10 kg, while the average body
weight of the geldings was 524 ± 19 kg at the start of the adaptation (mean ± SEM; n =
6; individual BW reported in Appendix 22). The yearlings in the current study were
expected to have a mature body weight between 500 kg and 600 kg. According to the
NRC (2007), at 12 mo of age, the predicted body weight of horses expected to mature at
500 and 600 kg is 321 kg and 386 kg, respectively. The average body weight of the
yearlings in the current study (353 kg) fell well within this range.
Due to malfunction issues with the scale, multiple measurements of body weight were
not obtained. Therefore, limited information is available to describe the growth pattern
of the yearlings at the time leading up to the collection.

Previous research has

suggested that while ADG generally decreases as young horses mature, there tends to
be an increase in ADG, typically between 10 and 14 mo of age, associated with the
seasonal increase in pasture growth in temperate climates (Brown-Douglas and Pagan,
2009). The ADG for yearlings maturing between 500 and 600 kg is estimated to be 0.45
to 0.54 kg/d (NRC, 2007). The ADG in the current study was calculated to be -0.32 ±
0.25 kg/d (n=6). This value was calculated based on the BW data collected the week
leading up to and the week of the collection, which was only a 12 d period. As
mentioned above, the amount of feed offered was reduced for two of the pairs in order
to ensure complete consumption of the diet.

Consequently, the yearling horses

received, on average, only 80% of their digestible energy requirements, which likely
explains the reduced ADG observed in the current study.
As described in Chapter 4, weanling and mature horses were equally efficient at
digesting a high quality, forage-based diet. Therefore, the objective of the current study
was to measure digestive capacity in yearling and mature horses when provided a
87

higher fiber, forage-based diet.

Based on the composition of each feedstuff, the

nutrient composition of the total diet was similar in both experiments, in terms of
digestible energy, crude protein and ADF. However, the NDF concentration of the diet
provided in the yearling study was higher than that offered in the weanling study (52%
NDF and 41% NDF, respectively), indicating that the horses in the yearling study were
offered a lower quality diet.
Individual DMI and water intake data are shown in Appendix 23 and Appendix 24.
Intake and digestibility data are represented here for 5 of the 6 pairs of horses; one pair
was removed because the gelding of that pair repeatedly spilled his feed and thus
accurate intake measurements were difficult to obtain.
Over the course of the collection period, feed refusal was minimal. As a result, actual
intakes (expressed as a % of BW0.75) between the yearling and gelding in each pair were
not different (Table 5-2; P = 0.5174; n = 5 pairs).

Table 5-2: Mean DMI and water consumption for yearling and gelding horses (mean ±
SEM; n = 5 pairs).
Water
Water
Water
Water
DMI
Consumption Consumption Consumption Consumption
(% BW0.75)
(L/day)
(L/kg BW)
(L/kg BW0.75)
(L/kg DMI)
Yearling
8.66 ± 0.03
17.5 ± 1.8
0.05 ± 0.003
0.22 ± 0.01
2.52 ± 0.15
Gelding

8.69 ± 0.03

22.6 ± 1.8

0.04 ± 0.003

0.21 ± 0.01

2.36 ± 0.15

P-value

0.5174

0.1131

0.1397

0.5863

0.4955

Edouard et al. (2008) measured intake of alfalfa hay and grass hay by mature horses
(490 kg avg BW). Intake data regarding the alfalfa hay agreed well with data collected
from geldings in the weanling study (Chapter 4). The same was true for geldings in the
current (yearling) study. When converted to a BW0.75 basis, the DMI of the horses on
the Edouard study was approximately 7.8% BW 0,75/d; mature horses on the current
study ate slightly less forage, consuming 7.69% BW0.,75 of DM/d. Similarly, voluntary
88

intake of timothy hay (14.4% CP, 62.6% NDF, 35% ADF) was reported to be 8.43% BW 0.75
in mature geldings (Ordakowski-Burk et al., 2006).
In the current study, yearling horses consumed the forage-based diet at a rate of 8.66%
BW0.75. Published intake data in young horses is limited and often discussed in terms of
voluntary intake. However, this information does provide a basis for comparing the
data obtained in the current study. Voluntary intake of alfalfa, Matua bromegrass, and
coastal Bermudagrass hay was 13.4% BW0.75, 12.3% BW0.75, and 9.2% BW0.75 (La Casha et
al., 1999). The estimates obtained in the current study are lower than the La Casha
study because of the reduced feed offered to two of the pairs (yearling intake was
reduced to meet gelding voluntary intake). Had those two pairs been removed from the
data set, the mean intake would have been 9.50% BW0.75. More similar to the intakes
obtained in the current study, Cymbaluk (1990) reported the voluntary intake of 8 mo
old horses on a forage-based, mixed diet to be 8.1% BW0.75. Despite differences in
objectives and methods, these previous studies support the fact that intake rates
reported in the current study were reasonable for young and mature horses.
Intake (as a % of BW0.75) was different among pairs (P < 0.0001); this difference is due to
the reduced feed amounts offered to the two uncooperative geldings and their
corresponding yearlings.

When expressed as a percentage of BW, yearling DMI

averaged 2.01% of BW and gelding DMI averaged 1.85% of BW (P = 0.0331) in the
current study.

According to the NRC (2007), the average intake of grass hay is

approximately 2% BW for mature horses. The La Casha study estimated voluntary
intake of alfalfa, Matua bromegrass, and coastal Bermudagrass hay to be 3.1% BW, 2.8%
BW, and 2.1% BW, respectively, in yearling horses. Likewise, Cymbaluk (1990) reported
2.1% BW to be the ad libitum intake rate of 8 mo old horses fed a forage-based, mixed
diet. Intake rates in the current study were slightly lower than averages reported
elsewhere; however, this was to be expected as diets were formulated such that horses
would consume all feed offered, leaving no orts.
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Due to the variable influence of water intake on diet digestibility and digesta passage
rate, water consumption was measured in the current study. Some research indicates
no differences in DMI, DMD, or digesta passage as a result of water restriction
(Hadjigeorgious et al. 2000); while others suggest water restriction can increase DMD
and crude fiber digestibility (Balch et al., 1953).
As observed in the weanling study, there were no differences in water intake relative to
age; similarly, fecal DM was not different between yearlings (28% DM) and geldings
(29%; P = 0.5543). For the yearlings, water consumption averaged 17.5 L/day, while
geldings consumed an average of 22.6 L/day (P = 0.1131). Based on previous research,
the NRC (2007) suggests that the average daily water intake for yearling horses ranges
from 17-21 L/d, which agrees well with the finding reported in the current study.
Likewise, the NRC (2007) estimates the maintenance water intake of adult horses is
approximately 5 L/100 kg BW (no estimates, expressed as a proportion of BW, were
available for yearling horses). The water consumption of the geldings in the current
study averaged 4.3 L/100 kg BW while the yearlings averaged 5.0 L/100 kg BW (P =
0.1397).
Increased DMI and crude protein intake have been shown to increase water
consumption in horses (Cymbaluk, 1989; Cymbaluk, 1990). Additionally, reduced diet
digestibility has been shown to be associated with increased water intake, as fiber binds
water (Lewis, 1995). In the current set of experiments, weanlings consumed more
water than yearlings (7.7 L/100 kg BW and 5.0 L/100 kg BW, respectively).

The

difference in consumption is likely related to intake and diet composition, as weanlings
had higher DMI and crude protein intake as well as lower in vivo diet digestibility
estimates, particularly NDFD. Differences may also be related to physiological maturity,
as no differences in water consumption were noted in the mature horses (4.3 L/100 kg
BW and 4.3 L/100 kg BW for geldings in the weanling and yearling experiment,
respectively).
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Mean Retention Time
Complete ingestion of the labeled feed was achieved, primarily attributed to the weeklong adaptation to consuming the unlabeled NDF residue. The marker administration
was completed within 20 min. When data from the previous experiment were analyzed,
it was determined that there were no differences in MRT estimates when marker
excretion was evaluated based on individual fecal samples, or as compared with
evaluation in 4 h increments. Therefore, to avoid disturbing the horses, fecal samples
were collected every 4 h throughout the course of the 3 d collection, resulting in 18
samples per horse. Additional grab samples collected at 80 h, 96 h, 120 h, and 144 h
were analyzed to characterize long-term marker excretion. However, these samples
were not included in the MRT or recovery rate estimates, as only nominal levels of
marker were identified in the samples (<0.4% of consumed marker). Additionally, fecal
output was not quantified past 72 h post-dose. Recovery rates of both markers in
yearlings and geldings are shown in Table 5-3 (individual data in Appendix 26).
Increasing the amount of marker dosed did not help improve marker recovery rates.
Mean marker excretion curves and mean cumulative marker excretion curves for each
marker are shown in Figures 5-2, 5-3, 5-4, and 5-5. Marker data presented here
represents marker excretion during the first 72 h following marker administration in all
12 horses.

Table 5-3: Average recovery rates of each marker (n=6).
Co Recovery, % Yb Recovery, %
Yearlings

64.6

73.9

Geldings

63.1

76.8

P-value

0.5341

0.4419
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Figure 5-2: Mean Co excretion (mg/kg dry feces) by yearlings and geldings over time (n =
6).
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Figure 5-3: Mean Yb excretion (mg/kg dry feces) by yearlings and geldings over time (n =
6).
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Figure 5-4: Mean cumulative Co excretion (% of total dosed) by yearlings and geldings
over time (n = 6).
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Figure 5-5: Mean cumulative Yb excretion (% of total dosed) by yearlings and geldings
over time (n = 6).

Mean retention time of the fluid and particulate phase was estimated for each horse
using the equations of Blaxter et al. (1956) and Thielmans et al. (1978); estimates from
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individual horses are shown in Appendix 27 and mean values are shown in Table 5-4.
Paired t-tests were used to compare MRT estimates obtained from each of the
equations. No significant differences were identified, therefore, estimates obtained
using the Blaxter equation were used for comparing the current study to previous
research.

Table 5-4: Mean estimates of MRT (n = 6) and in vivo digestibility (n=5) in yearlings and
geldings.

Yearling

Fluid (Co) MRT,
(h)
23.5 ± 0.9

Particulate (Yb) MRT, DMD,
NDFD,
OMD,
(h)
%
%
%
26.2 ± 0.7
62.7 ± 1.7 47.7 ± 2.5 65.6 ± 2.0

Gelding

21.4 ± 0.9

22.7 ± 0.7

P-value

0.1492

0.0190

55.6 ± 1.7 36.9 ± 2.5 57.6 ± 2.0
0.0190

0.0140

0.0311

The average MRT of the fluid phase was 23.5 h for the yearlings and 21.4 h for the
geldings, while the average MRT of the particulate phase was 26.2 h (yearlings) and 22.7
h (geldings).

The fluid MRT was not different when yearlings and geldings were

compared (P = 0.1492), however, particulate MRT was significantly longer in the
yearlings than in the geldings (P = 0.0190).
Cymbaluk (1990) reported digesta retention times in young horses to be considerably
longer than those reported in the current study. At 12 mo of age, the retention time
was 36.9 h and 34.1 h for warm and cold housed yearling colts, respectively. However,
their retention times were calculated as ‘80% feed retention time’.

So, while

Cymbaluk’s estimates provide information regarding digestion, it is difficult to compare
the current MRT estimates to those published by Cymbaluk, especially since the mean
recovery rates in the current study were less than 80% at the end of the 3 d collection.
Additionally, yearlings in the Cymbaluk study were fed a lower quality diet that was 25%
coarse chopped brome hay and 75% pellet. Drogoul et al. (2000) reported longer MRT
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in ponies fed ground, pelleted hay versus chopped hay, and suggested the increased
retention time was associated with the colonic separation mechanism. This mechanism
may have influenced digesta passage in the Cymbaluk study.
In mature horses fed timothy hay, Miyaji et al. (2008) reported a MRT of 29.1 h, 6 h
longer than the estimate reported in the current study. While forage composition was
similar between the two studies, in the Miyaji study, horses were fed a 100% forage diet
at a lower level of intake (1.6% BW vs. 1.85% BW in the current study). Drogoul et al.
(2001) demonstrated that MRT increased when DMI decreased, which would help
explain the increased MRT compared to geldings in the present study.

Similarly,

Pearson et al. (2001) reported longer MRT estimates when ponies were fed restricted
amounts of alfalfa or oat straw compared with values obtained when the two feeds
were offered ad libitum.
Uden et al. (1982b) published MRT estimates of 18 h (fluid phase) and 22 h (particulate
phase) when mature horses were fed timothy hay. These estimates are more similar to
those obtained in the current study. Rosenfeld et al. (2006) fed a hay/oats diet (1.8 –
2.0% BW), in a 70:30 ratio, similar to the current study. The MRT of the hay was
estimated to be 25.5 h. This is slightly longer than the MRT obtained by the geldings in
the current study (22.7 h). The horses used by Rosenfeld were cecally cannulated.
Previous studies have shown that surgical modification of the gastrointestinal tract may
increase digesta retention time; this may have influenced passage, resulting in the
longer MRT observed by Rosenfeld.
In the current study, MRT was longer in yearlings than in geldings. In sheep, the MRT
was not different between young and mature animals when fed a high quality diet,
however when fed a low quality diet, the MRT was significantly longer in the younger
animals (Egan and Doyle, 1982), supporting the idea that differences in passage rate
may be associated with age, as well as diet composition.
The longer MRT observed in the yearlings (compared to the geldings in the current
study) may be related to differences in feeding behaviors. Both yearlings and geldings
95

rapidly consumed the concentrate portion of each meal.

However, the yearlings

consumed their timothy cubes much more quickly than the geldings, which often
required several hours to consume the forage. The extended consumption period
observed in the geldings provided a greater period of time for chewing and subsequent
particle size reduction. It is also important to note that the molars, teeth used to grind
food, are not present in young horses until 2-3 yr of age. Thus, the geldings, which
possessed a greater number of grinding teeth, were able to more efficiently break down
forage particles through mastication.
Particle size also plays an important role in digesta passage, as demonstrated by the
colonic separation mechanism. According to the mechanism, as digesta passes into the
large intestine, coarse particles are selectively retained in the cecum and ventral colon.
Coarse particles are also retained at the pelvic flexure of the colon. However, as the
digesta reaches the right dorsal colon, liquid and fine particles are selectively retained
while the coarser particles move into the small colon and are excreted. So, it is possible
that, in the yearlings, digesta was retained for a longer period of time to allow for
adequate particle size reduction. In the geldings, a longer retention time was not
necessary because mastication had already reduced particle size.
The effect of diet on passage rate can be evaluated by comparing the MRT estimates of
the geldings in the two previous experiments.

Fluid passage through the

gastrointestinal tract was the same, regardless of diet (21.4 h on alfalfa diet and 21.3 h
on timothy diet, P = 0.8886). Particulate matter passage was faster by nearly 2 h when
geldings were provided the timothy diet (P = 0.2010). It appears as though, in the case
of the two diets investigated, forage composition was not different enough to
considerably alter digesta passage.
While estimates obtained in the current study are similar to those previously reported,
it is important to note that many of the passage rate studies, including several cited
here, observed considerable individual variation. Due to the labor-intensive nature of
passage rate research, many studies utilized a small number of animals. Therefore, care
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must be taken when interpreting data and making comparisons among studies.
Goachet et al. (2009) reported shorter MRT estimates and higher digestibility estimates
when compared with other studies, suggesting that many factors influence digestibility.
Other factors such as microbial activity in the gut, plant maturity, diet form, rate of
consumption, as well as individual animal variation may play a role in diet digestibility.
Rarely do experiments use the same marker, methods, or models, so comparing data
from different experiments must be done cautiously.
Recovery of each marker was calculated and was not different between yearlings and
geldings (P = 0.5341 for Co and P = 0.4419 for Yb). The recovery of Co was less than that
of Yb (P < 0.0001); Co recovery was 64.6% (yearlings) and 63.1% (geldings) and Yb
recovery was 73.9% (yearlings) and 76.8% (geldings). Recovery rates of >95% and 94%
were reported by Moore-Colyer et al., (2003) and Drogoul et al., (2000), respectively.
However, in both of those studies, feces were collected over a 7 d period in both
studies, compared to the 3 d collection used in the current experiment. It is unclear as
to why higher recoveries were not obtained in the current study as several precautions
were taken to reduce marker loss, including the use of non-absorbable markers, the
careful collection of total feces, and the use of sensitive methods for measuring marker
concentrations. Additionally, increasing the amount of marker dosed to each animal did
not improve recovery rates.
In vivo Digestibility
Estimates of digestibility (DMD, NDFD and OMD) for individual horses are shown in
Appendix 28; mean estimates are shown in Table 5-5. Digestibility was not different
among pairs (P > 0.1989). However, the effect of age was significant. The DMD
estimate obtained from the yearlings in the current study was 62.7% while the DMD
obtained from the geldings was 55.6% (P = 0.0190). Digestibility of NDF was 47.7% for
the yearlings and 36.9% for the geldings (P = 0.0140). Organic matter digestibility was
also greater in yearlings (65.6%) than in geldings (57.6%; P = 0.0311). Fiber content and
its digestibility significantly influence DMD as fiber is one of the least digestible
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components in feed (Mertens, 2009). Therefore, the differences in DMD and OMD
observed in the current study are primarily accounted for by differences in NDFD
between yearlings and geldings.
Grace et al. (2002) reported digestibility estimates (64% DMD and 51% NDFD) for
yearlings, similar to those observed in the current study (64% DMD and 47.7% NDFD).
The yearlings used by Grace et al. (2002) were maintained on a perennial ryegrass-white
clover pasture which was lower in NDF and ADF than the diet fed to yearlings in the
present study. Pasture DMI averaged 8.53% BW 0.75, similar to the 8.66% BW0.75 in the
current study. Despite differences in diet quality, the extent of digestion was similar
between the two studies. This was likely a result of differences in digesta passage rate.
While not reported, MRT was likely shorter in the pastured yearlings. The DM content
of the pasture averaged 12-22%, whereas the DM content of the diet offered the
yearlings in the current study was 88-90%. Diets high in moisture have been suggested
to have a faster rate of passage (Van Weyenberg et al., 2006). Therefore, while the diet
used in the current study was of lower quality than the pasture, the extent of digestion
may have been similar because of the longer MRT observed in yearlings of the current
study.
Limited information is available comparing digestion processes in yearling and mature
horses. Aiken et al. (1989) reported the DMD and NDFD of coastal Bermudagrass hay
were not different between yearling and mature horses, however, yearling horses
consumed more DM (as % BW) than mature horses. The similarity in digestibility
estimates between yearlings and mature horses suggested that by 1 yr of age, young
horses can utilize a forage-based diet as efficiently as mature horses. The increased
intake (compared to geldings) was likely a result of the increased nutrient requirements
of growing horses. In the current study, intake was limited and young horses digested
forage-based diet more efficiently than mature horses. Both this and the study by Aiken
demonstrate that the digestive capacity of young horses is well established by 1 yr of
age.
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Conclusions
In the current study, the yearlings were better able to digest the forage-based diet than
the geldings. This difference is attributed to the longer MRT observed in the yearling
horses, which is a result of the interactions between the chemical and physical
characteristics of the diet and the anatomical characteristics of the equine
gastrointestinal tract. The anatomy of the horse, and pathways such as the colonic
separation mechanism, allow horses to efficiently utilize feedstuffs of various
composition and quality. In the current study, differences in consumption behaviors
(i.e. time spent chewing) likely attributed to differences in passage rate. Because
yearlings consumed their meal over a much shorter period of time and had fewer
grinding teeth, they were less efficient at mechanically reducing forage particle size.
Therefore, it is likely that there were more large particles in the gastrointestinal tract of
the yearling horses, which had to be broken down via fermentation. The colonic
separation mechanism selectively retained the larger particles, resulting in a longer MRT
in the yearlings compared to the geldings. In the previous experiment, MRT was similar
among weanlings and geldings, even though weanlings consumed their meal more
quickly than the mature horses. However, because a higher quality diet was provided in
the previous experiment, mechanical reduction of particle size was less important, as
particles were more easily degraded in the gastrointestinal tract.

Copyright © Jennifer Elizabeth Earing 2011
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Chapter 6: Microbial Colonization of the Equine Gut
Rationale
As herbivores, horses rely on the microbial symbionts present in their gastrointestinal
tract to break down the fibrous materials they consume. However, mammals are born
with sterile gastrointestinal tracts.

While research in other species has begun to

describe the events associated with microbial colonization of the young gastrointestinal
tract, little is known about colonization of the equine gastrointestinal tract. Based on
the result of the previous two studies (Chapters 4 and 5), it seems likely that the
microbial populations of young and mature horses are similar by the time young horses
reach 6 mo of age. Therefore, it was of interest to investigate microbial colonization of
the foal gastrointestinal tract using PCR-DGGE, a culture-independent technique that
has been used successfully to evaluate diversity in microbial communities.
Objectives
The objective of the experiment was to compare the microbial profile of the feces of
mares and foals using PCR-DGGE in an attempt to describe microbial colonization of the
equine gut. The hypothesis was that foals would be born sterile, but the microbial
profile of their feces would be indistinguishable from their dam by 12 wks of age.
Materials & Methods
All procedures were approved by the Institutional Animal Care and Use Committee at
the University of Kentucky (Protocol No. 2008-0311).

Nine mare-foal pairs of

Thoroughbred or Quarter Horse breeding were used for the study. Prior to parturition,
all mares were housed outdoors in cool-season grass pastures. However, for various
lengths of time prior to foaling, mares were brought into stalls at night where they had
access to alfalfa hay.
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Sample Collection
Fecal samples were collected from each mare-foal pair starting on the day of the foal’s
birth and continuing until 12 wks of age. Samples were collected from the mare and
foal of a given pair on the same day. The following samples were obtained: d 0
(parturition; n = 2), d 1 (n = 4), d 4 (n = 3), wk 2 (n = 4), wk 6 (n = 5), and wk 12 (n = 5;
Table 6-1). Due to the difficulty in obtaining foal fecal material, not all mare-foal pairs
are represented at each time point. Fecal samples were obtained from two mare-foal
pairs on the day of parturition. The time of each fecal collection was not recorded, so
depending on the time of parturition, the foals were between 12 h and 18 h old at the
time of the “d0” fecal collection. Both foals were delivered, unassisted, in stalls bedded
with straw. Neither of these samples were meconium samples.
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Table 6-1: Date of birth and age foals when each mare-foal pair was collected.
Mare-Foal Pair

Foal’s date of birth

Sweet Champagne

4/1/08

Age of foal when fecal
samples were obtained
from mare-foal pair
1d
6 wk
12 wk

Miss Olive

4/5/08

6 wk
12 wk
4d

Dolpheen

4/21/08

2 wk
6 wk
12 wk
1d

Strawberry Reina

4/24/08

2 wk
6 wk
12 wk
0d
1d

Distant Vision

4/28/08

4d
2 wk
6 wk
12 wk

Dara

4/4/09

0d

True Blue Pride

4/6/09

1d

Lida’s Double

5/9/09

4d

Bo Hutt

5/26/09

2 wk
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Mares and foals were brought to the barn and kept in a 4.25 m x 4.25 m box stall with
wood shavings or straw bedding for sample collection. While in the stall, horses were
continually monitored. Immediately following defecation, a subsample (approximately
100 – 200 g) of the feces was collected. In very young foals, the entire defecation was
often retained (due to the small amount excreted). However, in older foals and mares
several subsamples were collected from within the fecal pile, compiled, and frozen.
When feces were collected from the floor, care was taken to avoid contamination with
bedding or other foreign material. Feces were handled minimally and latex or nitrile
gloves were used for collecting the material. Fresh gloves were used with each horse.
Fecal samples were placed in plastic bags, excess air was removed, and samples were
immediately frozen in a -20 degree Celsius freezer.
Due to the small amount of feces produced by young foals, many foals were fitted with
fecal collection harnesses to assist in the collection process. The harnesses were made
out of cloth, but lined with a plastic material. There were fewer harnesses than animals.
However, care was taken to wash each harness following its use, thereby reducing the
potential for animal-to-animal contamination. The use of a collection harness was not
necessary for collecting fecal material from older foals or mares (because of the
relatively large amount of feces produced).
DNA Extraction
In the laboratory, DNA was extracted from individual fecal samples using the QiaAMP
DNA Mini Stool Kit (procedures provided in Appendix 29).

Three samples were

extracted from each fecal sample, and then combined prior to PCR in an attempt to
obtain a representative sample of the microbial populations present.
PCR-DGGE
The isolated DNA was amplified using PCR; 341F-GC and 901R primers (Casamayor et al.,
2000) were used for the amplification process. Each sample was amplified in duplicate,
and then PCR products were combined in order to have the necessary volume to run on
the gradient gel (described in Appendix 30). Following PCR, each PCR product was
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electrophoresed on an agarose gel to verify the presence of amplified DNA (procedures
in Appendix 31). PCR product was stored in a -20°C freezer until it could be separated
using denaturing gradient gel electrophoresis.
Detailed procedures for assembling the gradient gel are provided in Appendix 32.
Briefly, a 6% polyacrylamide gel with a 40 to 60% denaturing gradient was prepared
using a 16 well comb. After the gel had polymerized, it was placed in the 1xTAE buffer
of the DCode System (BioRad), where it was loaded with amplified DNA. The PCR
products were mixed with a loading dye to assist in the delivery of the amplified DNA to
the correct well. Of the 16 lanes, the outer lane on each side of the gel was not used
(preliminary work had demonstrated ‘smiling’ often occurred in these lanes, skewing
the banding pattern). Amplified DNA was run in duplicate in adjacent lanes. Control
samples, which were used to standardize each gel, were run in multiple lanes across the
width of the gel (see Figure 6-1).

After loaded into the gel, samples were

electrophoresed for 17 h at 56°C. Following electrophoresis, the gel was stained using
Gel Red and an image of the gel was captured using the Kodak Gel Logic 200 Imaging
System (1D Image Analysis Software V3.6.5; Rochester, NY).
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CONTROL

SAMPLE E

SAMPLE E

CONTROL

SAMPLE D

SAMPLE D
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3

CONTROL

SAMPLE A

2

SAMPLE B

SAMPLE A

1

SAMPLE B

CONTROL

EMPTY
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Lane:

16

Figure 6-1: Illustration of sample and control placement in 16-well polyacrylamide gel used in DGGE. Each column represents
one lane. Lanes 1 and 16 were left empty, samples were run in duplicate in adjacent lanes (Lanes 3 and 4, Lanes 5 and 6,
Lanes 8 and 9, Lanes 10 and 11, Lanes 13 and 14), and controls were run in 4 lanes at various locations across the width of
the gel (Lanes 2,7,12, and 15).

Image Analysis
The image of each gel was imported into BioNumerics Software (Applied Maths, Austin,
TX). While two lanes were run for each sample, the lane with the most bands was
selected and used for all subsequent analysis. Four bands in the control lanes were set
as reference points and used to standardize the gel. The minimum profiling value was
set at 5% of the maximum value of a lane. No bands identified by the software were
removed; however, obvious bands that the software did not identify were manually
identified.
Figure 6-2 provides an example of the gel image. The banding pattern of each lane
represents the biodiversity of the microbial populations from a given sample. The
banding pattern of each mare was compared to that of her foal at the various time
points. Comparisons between mares and their foals were made using Dice’s algorithm
and reported as percent similarity. Differences in percent similarity between mares and
foals across time were identified using PROC ANOVA of SAS. Similarity among mares
was also determined using DICE’s algorithm.
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Figure 6-2: Image of a DGGE gel following staining.

Results and Discussion
Data from individual mare-foal pairs are shown in Table 6-2. The mean similarity
between mares and their foals was 11% on the day of parturition. Of the two mare-foal
pairs collected on the day of parturition, one foal had no visible bands present,
suggesting the absence of microbial populations and thus supporting the premise that
mammals are born with sterile gastrointestinal tracts. While not a meconium sample,
this datum supports that of Sakaitani et al. (1999) who reported meconium samples
from foals were free of bacteria. Bands were present in the lane belonging to the
second foal of these two pairs. The percent similarity between this second mare and
foal was 21%. Not all “d 0” samples were collected at the same time with respect to
parturition. Therefore, it is possible that samples collected from this second pair were
obtained after the foal had been exposed to microorganisms from the environment for
a longer period of time. Knowing the exact age of these foals at the time of the d 0
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collection would have provided information useful in describing the differences in the
banding patterns obtained. It is also possible that the dam of the second foal was more
interactive with the foal, facilitating exposure to microbes through physical contact.
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Table 6-2: Percent similarity in mare-foal pairs across time.
Mare-Foal Pair

Age of Foal

% Similarity

1d

38

6 wk

60

12 wk

54

6 wk

81

12 wk

74

4d

69

2 wk

68

6 wk

82

12 wk

71

1d

54

2 wk

73

6 wk

67

12 wk

92

0d

0

1d

61

4d

43

2 wk

54

6 wk

66

12 wk

87

Dara

0d

21

True Blue Pride

1d

51

Lida’s Double

4d

44

Bo Hutt

2 wk

72

Sweet Champagne

Miss Olive

Dolpheen

Strawberry Reina

Distant Vision
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Following parturition, foals were rapidly exposed to a variety of microbial populations.
Accordingly, the mean similarity between mares and their foals increased quickly,
reaching 51% by d 1 (n=4) and 52% by d 4 (n=3). The increase in similarity between
mares and their foals continued to increase until wk 2 (67%; n = 4), thereafter increases
were less dramatic (71% at wk 6; n=5 and 70% at wk 12; n=5). Percent similarity for
each mare-foal pair are shown in Figure 6-3.

Similarity Between Mare and Foal Pairs
100

% Similarity

80
60
40
20

mare-foal similarity
mare-foal average

0

0

20

40

60

80

100

Day (post parturition)

Figure 6-3: Percent similarity between mare-foal pairs. Each black diamond represents
the comparison of one mare-foal pair on a given day (post parturition) while each grey
square represents the average percent similarity for each day.

The results from this study indicate that most of the colonization events occurred within
the first few days of the foal’s life. This finding is consistent with a study utilizing
culture-based techniques; Julliand et al. (1996) reported the presence of specific
microbial populations in the feces of foals as early as 1 d of age. While enterococci and
enterobacteria were predominant, lower counts of lactobacilli, streptococci,
staphylococci and clostridia were also identified in these early feces (Julliand et al.,
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1996; Sakaitani et al., 1999). Early colonization has also been observed in other species.
In ruminants, anaerobes and facultative anaerobes have been present shortly after
birth. E. coli and streptococci have been identified during the first few days following
birth (Zoilecki and Briggs, 1961; Fonty et al., 1984; Mueller et al., 1984; Anderson et al.,
1987; Minato et al., 1992).
The microbial populations of individuals vary substantially from one another, even
amongst animals belonging to the same species. For example, in the current study, the
average similarity among mature mares ranged from 44.9% (d 1) to 81.4% (d 42; shown
in Figure 6-4). The microbial populations of individuals from the same species are often
more similar than when compared to individuals of other species, suggesting there may
be host-specific factors influencing the development of microbial populations young
mammals (Ochman et al., 2010). Research by Ochman and coworkers (2010) proposed
there may be a genetic component to the establishment of microbial populations.
When researchers compared the phylogenetic tree of several hominids (based on
mitochondrial DNA) to that obtained based on fecal DNA, they found that the fecal
microbial fingerprint tree tracked the phylogenetic tree exactly, demonstrating that host
phylogeny plays a primary role in determining the microbial composition of the
gastrointestinal tract. However, because of differences in branch lengths between the
two phylogenetic trees, genetic components did not fully account for the variation in
microbial populations (Ochman et al., 2010). Data from the current study support a
possible role of genetics in microbial gastrointestinal establishment, as the mean
similarity between mares and foals (closely related individuals) was numerically higher
than the mean similarity among mares (generally unrelated individuals) by the time the
foals reached 2 wks of age.
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Figure 6-4: Percent similarity between mare-foal pairs and amongst mares. Each black
diamond represents the comparison of one mare-foal pair on a given day (post
parturition) while each grey circle or triangle represents the average minimum and
maximum percent similarity among all mares on each day (post parturition).

Similarity between mares and their foals increased with age, presumably as the foal’s
gastrointestinal tract matured and microbial species diversity increased. In cattle, the
shift from aerobic and facultative anaerobic bacteria to strict anaerobic bacteria occurs
rapidly; Fonty et al. (1987) reported anaerobes were the predominant bacteria within 2
d of parturition. However, cellulolytic bacteria did not reach levels similar to that of the
adult until 2 - 3 wk of age (Bryant et al., 1958). In horses, Hayes et al. (2003) compared
fiber digestion in mares and their 1 d old foals. Their results indicated that, at 1 d of
age, foals could not digest fiber as efficiently as their dams. However, by 1 mo of age,
fiber digestion was not different between the foals and their dams. Based on the
findings of Bryant et al., 1958 and Hayes et al., 2003, it is possible that the increase in
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similarity observed in the current study between 2 and 12 wks of age was a result of the
establishment of fiber-digesting bacteria in the gastrointestinal tract. Also consistent
with this hypothesis is the fact that foals consume increasing amounts of forage during
this period, and fiber is a substrate necessary for the establishment of cellulolytic
communities.
It has been suggested by various researchers that inoculation of the gastrointestinal
tract of the foal occurs, in part, as a result of the foal consuming fecal material (also
known as coprophagy; Crowell-Davis and Houpt, 1985). The behavior has been observed
in foals 5 d to 2 mo of age and is rarely observed beyond 6 mo of age.

While this

behavior may contribute to the colonization of the foal’s gastrointestinal tract, the
results of the current study suggest the presence of microbes occurs much sooner than
5 d of age. In humans, delivery mode (vaginal or cesarean section) has been shown to
have a significant effect on the development of gastrointestinal microbial populations,
likely due to the proximity of the birth canal to the anus (Mackie et al., 1999).
Identification of microbes in the feces of very young foals (on the day of parturition) in
the current study suggests that a similar mechanism of microbial transmission is present
in horses. While not observed in the present study, maternal behaviors such as licking
or nudging provide an additional transmission mechanism.
While PCR-DGGE can be used to examine the diversity of bacteria present in the gut, it
does not estimate the abundance of the bacterial populations.

The technique is

qualitative not quantitative, indicating only the presence, or lack thereof, of microbial
populations. One of the advantages of the method is that PCR is an amplification
process, meaning that even microbes in very small numbers will be represented on the
DGGE gel image, allowing for an accurate representation of overall microbial diversity.
However, the nature of amplification also makes PCR one of the downfalls of the PCRDGGE method. The presence of even the smallest amount of contaminant can result in
false representation of the true microbial diversity. Therefore, it is of the utmost
importance to eliminate opportunities for contamination.
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There is some question

regarding whether fecal microbial populations are representative of gastrointestinal
microbial populations, however, several in vitro studies have successfully utilized equine
feces as an inoculum source (Lowman et al., 1999; Lattimer et al., 2007; Earing et al.,
2010). Also, it is important to remember the presence of bacterial DNA in feces
suggests, but does not verify, colonization of the gut by the respective bacterial
populations.
Conclusions
PCR-DGGE proved a useful tool in describing the changes that occurred in the microbial
populations of young foals. Foals appeared to be born with sterile gastrointestinal
tracts, but the presence of microbial populations was observed as early as the day of
parturition. The similarity in the microbial communities between foals and their dams
increased with time; by 2 wks of age, the microbial profile of mares and their foals was
similar. Colonization events in the horse appear to begin soon after birth, as in other
species. Therefore, future research should focus on the events surrounding parturition.
Additionally, specific microbial populations should be identified by sequencing excised
PCR-DGGE bands.

Copyright © Jennifer Elizabeth Earing 2011
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Chapter 7: Summary and Conclusions
Collectively, the results from this series of experiments demonstrated that efficient fiber
digestion is well-established at an early age in the horse. When fed at a similar level
(relative to BW0.75), weanling horses (6 mo of age) were capable of digesting a high
quality, forage-based diet as efficiently as mature horses. This finding was supported by
the similarity in MRT estimates of the two groups. However, when provided a lower
quality diet, differences in digestion became apparent. Contrary to the hypothesis, the
digestibility observed in yearling horses was greater than that observed in the mature
horses. The increased digestion was a result of a significantly longer particulate MRT
and was likely due to the selective retention of larger digesta particles in the hindgut of
the younger horses.
Evaluation of microbial populations in fecal material of foals and their dams revealed
that, while foals are born with sterile gastrointestinal tract, events leading to bacterial
colonization of the gut occur quickly. The presence of microbes were observed in the
first few days of life, however, by 2 wk of age, the microbial profile of a foal and its dam
was more similar than comparisons among mares.
While not all-inclusive, the work presented in this dissertation provides a strong
foundation for future research regarding fiber digestion in young horses. The results
obtained here were consistent with those reported in the literature and contribute to
the understanding of the gastrointestinal development of the growing horse. Based on
the results of the microbial study, bacterial colonization of the gastrointestinal tract
begins very early in life, likely within hours of parturition. Therefore, future research
should focus on very young foals, and attempt to identify when the changes in digestive
capacity and microbial profile occur. One of the next steps should be the identification
and quantification of the specific microbial populations observed in the gut, as well as
factors affecting these populations. In addition to contributing to the understanding the
gastrointestinal development of normal, healthy foals, this information will be useful in
caring for young foals with compromised digestive capacity. Moreover, nutritionists and
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members of the feed industry can utilize this information in developing rations to
optimize foal growth and development.
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Appendix 1: NDF and ADF Solutions for Fiber Analysis

Neutral Detergent Fiber Solution
Sodium Lauryl Sulfate

30.0 g

Ethylenediaminetetraacetic disodium salt, dihydrate

18.61 g

Sodium tetraborate decahydrate

6.81 g

Sodium phosphate dibasic, anhydrous

4.56 g

Triethylene glycol

10.0 mL

Dilute to 1 L with distilled water

Alpha-amylase

Acid Detergent Fiber Solution
Cetyl trimethylammonium bromide

20.0 g

Sulfuric Acid

28 mL

Dilute to 1 L with distilled water

118

Appendix 2: Ankom Fiber Analysis

Neutral Detergent Fiber Analysis
Reagents
NDF Solution
Alpha-amylase, heat stable

Procedures
Sample Preparation –
All samples should be dried and ground to 1 mm. Place samples in oven (100
degrees Celsius) overnight, then transfer to dessicator prior to weighing (to determine
NDF content on a dry matter basis). Label filter bags using a black permanent marker.
Weigh each filter bag and record the weight as W1. Tare the bag. Weigh 0.50 g of dry
sample directly into filter bag. Record sample weight as W2. Heat seal bags closed. One
empty bag should be labeled and sealed; this bag will be used to calculate a correction
factor (CF).
Analysis –
Place filter bags (24 bags maximum) on Bag Suspender trays and lower the
Suspender into the fiber analyzer. Place the weight on top of Suspender. Add ~2000
mL of NDF solution. Turn on the HEAT and AGITATE to confirm agitation before securely
fastening the lid closed. Set the timer for 75 minutes. Following the 75 minute
extraction, slowly open the drain valve and exhaust the hot solution before opening the
lid. After the hot solution has been drained, close the valve and open the fiber analyzer
lid. Add ~2000 mL of hot water and 4.0 mL alpha amylase. Turn on AGITATE for 5
minutes. Exhaust the rinse water. Repeat once using more using alpha amylase and hot
water; repeat a final time using only hot water (3 total rinses). Drain fiber analyzer and
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removed samples from Bag Suspender; gently press out water. Soak bags in acetone for
3-5 minutes. Remove bags and allow to air dry. Once air-dry, place bags in a 100 degree
Celsius oven for 2-4 hours. Remove bags from oven, place in a dessicant pouch and
allow them to cool to ambient temperature. Weigh each bag, recording the weight as
W3.
Calculation:
NDF content (%) = ((W3 – (W1 – CF))/W2)*100
where: W1 = Weight of empty filter bag
W2 = Weight of sample (does not including bag weight)
W3 = Weight of filter bag + NDF residue
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Appendix 3: Sample Preparation for ICP Analysis

Frozen fecal samples were dried in a 55 degree Celsius forced-air oven to
constant weight and then ground to 1 mm using a Wiley mill (Arthur H. Thomas
Co., Philadelphia, PA)
Samples were stored at room temperature until analysis
Prior to weighing samples for analysis, all samples were dried in a 100 degree
Celsius convection oven overnight and then placed in a dessicator before being
weighed
0.500 g of each sample was weighed using weigh paper and transferred to a
Teflon lined

digestion vessel of the Microwave Sample Preparation System

Model MDS-2000 (CEM Corporation, Matthews, NC).
10 mL of concentrated nitric acid (15.8 N) was added to each vessel; vessels
were sealed and digested in the microwave using the following program:

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

Power

75

75

75

75

75

PSI

40

85

150

150

150

Time

6

6

10

10

10

TAP

5

5

7

7

5

Fan

100

100

100

100

100

Following digestion, samples were allowed to cool and transferred to 50 mL
conical centrifuge tube, diluted to 50 mL with deionized water, and capped
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Samples were centrifuged at 5000 rev/min for 12 min at room temperature. A
subsample of the supernatant was transferred to a 15 mL conical centrifuge tube
for ICP analysis
For quality assurance, blanks and duplicates were run every 10 samples while
spiked samples and laboratory control sample were run every 20 samples
The following calculations were used as quality control guidelines:
o Blank – 10 mL concentrated nitric acid

o Laboratory Control Sample – a blank that has a known concentration of Yb
and Co added and is digested with the samples; calculate % recovery:
% Recovery = (Instrument Reading/True Value) *100

o Duplicate – sample analyzed twice; calculate relative percent difference:
Relative % Difference =
(|sample result–duplicate result|/((sample result+duplicate result)/2))*100

o Spike – portion of same sample that was duplicated was digested with a
known concentration of Co and Yb added; calculate % recovery:
% Recovery =
(|spiked sample-avg of sample and dup|/known spike concentration)*100

Co and Yb standard solutions (1000 ppm) were obtained from Ultra Scientific and
GFS Chemicals
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All digested samples were stored under refrigeration (4°C) until the time of
analysis
Samples were analyzed using a Varian Vista Pro ICP-OES (Palo Alto, California)
Co and Yb concentrations were measured at wavelengths 238.92 and 222.47,
respectively
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Appendix 4: Preparation of Cobalt Complexes of EDTA

Co-EDTA was prepared according to Uden et al., 1980, as follows:
1. Weight the following into a 2 L beaker:
a. 25 g Co(II)4H2O (Cobalt, acetate hydrated
b. 29.2 g disodium ethylenediaminetetraacetate
c. 4.3 g LiOH H2O
2. Add 200 mL of distilled water and dissolve; heat if necessary.
3. Cool if heated (make sure solution is cold). Add 20 mL of 30% H 2O2 (hydrogen
peroxide).
4. Allow to stand a minimum of 2 h at room temperature.
5. Add 300 mL of 95% ethanol and refrigerate overnight.
6. Filter and wash with 80% ethanol (v/v).
Yield of Li Co:EDTA is approximately 90% and is stable to drying at 100°C
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Appendix 5: Yb-labeled Nuggets

Yb-labeled Nuggets used in Pony Experiments
80 g NDF residue
170 g Molasses
118 g Water
45 g All-Purpose Flour
Mix all ingredients together.

Bake 10 minutes at 177 degrees Celsius.

Reduce

temperature to 93 degrees Celsius and continue baking for 2 hours. Allow nuggets to
cool before storing in an air-tight container.
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Appendix 6: Equations for Estimating Mean Retention Time

Blaxter et al., 1956:
MRT = Σ Mi * ti
Σ Mi

where,

Mi = amount of marker (mg) in ith interval
ti = time elapsed between introduction of marker (time
zero) and the middle of the ith collection interval;
calculated as [(ti + ti-1)/2], with ti being the time to the end
of the ith interval

Thielmans et al., 1978:
TMRT = Σ ti Ci ∆ti where,
Σ Ci ∆ti

ti = time from dosage of markers to midpoint of i th
collection interval
Ci = concentration of marker in the ith sample
∆ti = interval (hours) between two samplings
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Appendix 7: Foaling Dates of Colts Used in Weanling and Yearling Studies

Foal ID

Breeding

Date of Birth

Chatelian

Thoroughbred

03/21/08

Sweet Champagne

Thoroughbred

04/01/08

Olive

Thoroughbred

04/05/08

Dolpheen

Thoroughbred

04/21/08

Strawberry

Thoroughbred

04/24/08

George

Thoroughbred-Paint

05/04/08
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Appendix 8: Weanling and Gelding Pairings

Pair

Weanling

Gelding

1

Chatelian

Kilo

2

Sweet Champagne

Marksman

3

Olive

Linus

4

Strawberry

Easy

5

Dolpheen

Bounce

6

George

Wally
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Appendix 9: Marker Dosing Calculations for Weanling Study

Yb content of labeled hay was 1.00% (Pairs 1-6).
Co content of Co-EDTA was 16.17% (Pairs 1-6).
Body weights from 9/18/08 (Pair 1), and 9/22/08 (Pairs 2-3), 10/13/08 (Pairs 4-5), and 10/27/08 (Pair 6) were converted to
BW0.75 and used to calculate dosing amounts.
Target dose was 9 mg marker/kg BW0.75
129
Chatelian:

67.3 kg BW0.75 x

x

67.3 kg BW0.75 x

x

x

x

= 61 g labeled NDF

= 3.75 g Co-EDTA

Sweet Champagne:

62.95 kg BW0.75 x

x

62.95 kg BW0.75 x

x

59.33 kg BW0.75 x

x

59.33 kg BW0.75 x

x

x

x

= 57 g labeled NDF

= 3.51 g Co-EDTA

Olive:
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x

x

= 53 g labeled NDF

= 3.30 g Co-EDTA

Strawberry:

59.6 kg BW0.75 x

x

x

= 54 g labeled NDF

59.6 kg BW0.75 x

x

x

= 3.32 g Co-EDTA

Dolpheen:

69.1 kg BW0.75 x

x

69.1 kg BW0.75 x

x

x

x

= 62 g labeled NDF

= 3.85 g Co-EDTA
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George:

Kilo:

61.6 kg BW0.75 x

x

61.6 kg BW0.75 x

x

x

x

= 55 g labeled NDF

= 3.43 g Co-EDTA

110.6 kg BW0.75 x

110.6 kg BW0.75 x

x

x

x

= 100 g labeled NDF

x

= 6.16 g Co-EDTA

Marksman:
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119.26 kg BW0.75 x

x

119.26 kg BW0.75 x

x

x

x

= 107 g labeled NDF

= 6.64 g Co-EDTA

Linus:

115.7 kg BW0.75 x

x

115.7 kg BW0.75 x

x

x

x

= 104 g labeled NDF

= 6.44 g Co-EDTA

Easy:

98.2 kg BW0.75 x

x

98.2 kg BW0.75 x

x

x

x

= 88 g labeled NDF

= 5.47 g Co-EDTA

Bounce:

133

113.3 kg BW0.75 x

x

113.3 kg BW0.75 x

x

x

= 102 g labeled NDF

x

= 6.31 g Co-EDTA

Wally:

121.5 kg BW0.75 x

x

121.5 kg BW0.75 x

x

x

x

= 109 g labeled NDF

= 6.77 g Co-EDTA

Appendix 10: Ankom In Vitro Digestibility Procedures

In Vitro Digestibility using the DaisyII Incubator
Modifications to the Ankom techniques for using equine feces as the inoculum source

Reagents:
Buffer Solution A:

KH2PO4

10.0 g/L

MgSO4 – 7H2O

0.5 g/L

NaCl

0.5 g/L

CaCl2-H2O

0.1 g/L

Urea (reagent grade) 0.5 g/L
Bring to 1 L with ddH2O

Buffer Solution B:

Na2CO3

15.0 g/L

Na2S-9H2O

1.0 g/L

Bring to 1 L with ddH2O

Procedures:
Sample Preparation –
All samples should be dried and ground to 1 mm. Place samples in oven (100 degrees
Celsius) overnight, then transfer to dessicator prior to weighing to determine in vitro
measurements on a dry matter basis.
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Pre-rinse Ankom F57 filter bags in acetone for 3-5 min and allow to air-dry completely.
The acetone removes surfactants that may affect microbial digestion. Label bags using a
black permanent marker (Sharpie brand works best). Weigh each filter bag and record
weight as W1. Tare the bag and weigh 0.25 g of dry sample directly into filter bag.
Record sample weight as W2. Heat seal bags closed and place in the incubation vessel.
Up to 25 bags can be fermented in each vessel. Two empty bags should be labeled and
sealed; these bags will be used to calculate a correction factor (CF).

Buffer Preparation –
Pre-warm buffer solutions (A and B) to 39 degrees Celsius. In a 4 L Erlenmeyer flask mix
Buffer A and Buffer B in a 5:1 ratio (1500 mL of Buffer A and 300 mL of Buffer B).

Transfer buffer mixture (~ 1800 mL) to Ankom digestion vessel containing the filter bags.
Cap the vessels and place in the pre-heated (39 degrees Celsius) DaisyII Incubator. Allow
temperature of the vessel contents and incubator to equilibrate at least 20 minutes
(heat and agitation on).

Inoculum Preparation –
Collect freshly voided feces in air-tight plastic bags (double bagged) and transport to the
laboratory in an insulated container containing 39 degree Celsius water. Once in the
laboratory, feces can be kept warm in a warm water bath. All glassware should be kept
at 39 degrees Celsius; the blender jar can be placed in the warm water bath as well.

In the laboratory, mix feces well within each bag. Weigh up 200 g of the fecal material.
Transfer material to a blender jar. Remove 1 digestion vessel from the incubator;
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measure 400 mL of mixed buffer solution and add to the fecal material. Recap digestion
vessel and place in warm water bath. Purge jar with CO2 for 15 seconds, seal, and blend
for 30 sec.

Subsequent to blending, transfer contents of jar back into the digestion vessel. Gently
mix the contents of the vessel. Using aliquots of Buffer A and Buffer B, adjust the final
pH of the mixture to 7.0. Purge the digestion vessel with CO 2 for 15 seconds, secure lid,
and return to the warmed incubator. Rinse the equipment with water and repeat the
procedure for the remaining three digestion vessels.

Incubate samples for desired length of time (generally 24, 48, and/or 72 h). Remove jars
and drain fluid. Rinse bags thoroughly but gently using tap water, until the water runs
clear. Dry bags for 2 -4 hours in a 100 degree Celsius oven, or overnight in a 55 degree
Celsius oven. Remove bags from oven and place directly into a dessicant pouch. Cool to
ambient temperature (~ 20 minutes) and record weight as W3.

Calculate in vitro dry matter digestibility as follows:

DMD (%) = 100 – [((W3 – (W1 * CF))/W2)*100]

Note: Because samples were weighed up dry, results of the calculation will already be
on a DM basis.
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Appendix 11: Body Weights of Horses in Weanling Study

Body weights recorded during weanling study; all weights are reported in kilograms.
Horse
Chatelian

9/1/08 9/8/08 9/16/08 9/18/08 9/22/08 10/13/08 10/20/08 10/27/08 11/3/08
262.2

267.4

270.8

273.6*

273.4

236.2

246.6

244.0

249.6

250.4*

Olive

217.8

228.2

224.2

227.2

231.4*

Strawberry

211.4

223.6

229.8

233.0*

233.5

Dolpheen

241.4

257.4

231.6

283.6*
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George

194.4

209.2

264.8

237.0

242

Easy

453*

464

Bounce

548*

558

Wally

650

622

Sweet
Champagne
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Kilo

572

540

532*

537

Marksman

588

575

569

587*

Linus

578

548

549

559*

*Weight used to calculate marker dosing amounts

243*

248.2

600*

619

Appendix 12: Actual DMI during Weanling Study
DMI recorded for each horse, on each day of the 5 d total fecal collection, reported in kilograms
Horse

Age

d1a

d2

d3

d4

d5

Average

Chatelian*

W

4.36

4.36

4.36

4.36

4.36

4.36

W

6.25

6.25

6.25

6.25

6.25

6.25

Olive

W

5.96

5.96

5.96

5.96

5.96

5.96

Strawberry*

W

5.06

5.06

5.06

5.06

5.06

5.06

Dolpheen

W

6.87

6.87

6.87

6.87

6.87

6.87

George

W

6.20

6.20

6.20

6.20

6.20

6.20

Kilo*

G

7.19

7.19

7.19

7.19

7.19

7.19

Marksman

G

11.80

11.80

11.80

11.80

11.80

11.80

Linus

G

11.38

11.38

11.38

11.38

11.38

11.38

Easy*

G

8.32

8.32

8.32

8.32

8.32

8.32

Bounce

G

11.31

11.31

11.31

11.31

11.31

11.31

Wally

G

12.26

12.26

12.26

12.26

12.26

12.26

Sweet
Champagne

138
a

Average By Age

5.78

10.38

d1 represent the first day horses were on trial; markers were administered in the morning of d1
*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings, however forage:concentrate ratio
remained the same as for other pair

Appendix 13: Water Intake during Weanling Study
Water intake recorded for each horse, on each day of the 5 d total fecal collection, reported in liters
Horse

Age

d1a

d2

d3

d4

d5

Average

Chatelian*

W

27.48

23.69

25.06

28.56

31.93

27.34

W

19.00

18.71

18.91

22.28

20.72

19.92

Olive

W

11.96

13.27

14.64

14.28

14.91

13.81

Strawberry*

W

17.66

16.83

14.73

19.39

13.12

16.34

Dolpheen

W

18.78

13.46

17.09

19.74

13.10

16.43

George

W

16.76

14.20

15.64

21.05

16.59

16.85

Kilo*

G

14.60

20.17

22.31

24.34

21.40

20.56

Marksman

G

25.89

24.72

22.45

26.15

28.90

25.62

Linus

G

23.63

23.57

18.46

31.21

31.88

25.75

Easy*

G

19.13

18.98

15.10

18.92

14.26

17.27

Bounce

G

29.44

21.17

27.90

25.97

21.63

25.22

Wally

G

21.62

28.43

28.70

33.00

31.08

28.56

Sweet
Champagne

139
a

Average By Age

18.45

23.83

d1 represent the first day horses were on trial; markers were administered in the morning of d1
*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings, however forage:concentrate ratio
remained the same as for other pairs

Appendix 14: MRT Estimates for Each Horse on the Weanling Study
Blaxter Equation

Thielmans Equation
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Horse

Age

Co MRT, h

Yb MRT, h

Co MRT, h

Yb MRT, h

Chatelian

W

23.3

27.2

23.3

26.1

Sweet Champagne

W

19.8

23.5

20.0

23.6

Olive

W

23.0

27.6

23.3

27.6

Strawberry*

W

24.0

24.2

22.5

22.7

Dolpheen

W

19.7

23.0

20.5

23.3

George

W

19.6

24.6

19.6

24.7

21.6

24.8

21.5

24.7

Weanling Average
Kilo*

G

19.7

20.2

21.4

21.5

Marksman

G

22.7

23.6

23.5

24.2

Linus

G

22.3

26.8

23.1

27.5

Easy*

G

23.7

23.8

23.7

23.2

Bounce

G

18.8

26.5

18.7

26.9

Wally

G

20.7

28.2

21.5

27.8

21.3

24.8

22.0

25.2

Gelding Average

*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings, however forage:concentrate ratio
remained the same as for other pairs

Appendix 15: Marker Excretion Curves for Weanling Study
Weanling Study Pair 1: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker Concentration
(mg/kg dry feces)

Chatelian (weanling)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

80

Time Post Dose (h)

Fecal Marker Concentration
(mg/kg dry feces)

Kilo (gelding)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

Time Post Dose (h)
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60

80

Weanling Study Pair 2: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker Concentration
(mg/kg dry feces)

Sweet Champagne (weanling)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

80

Time Post Dose (h)

Fecal Marker Concentration
(mg/kg dry feces)

Marksman (gelding)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

Time Post Dose (h)
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80

Weanling Study Pair 3: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker Concentration
(mg/kg dry feces)

Olive (weanling)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

80

Time Post Dose (h)

Fecal Marker Concentration
(mg/kg dry feces)

Linus (gelding)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

Time Post Dose (h)
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80

Weanling Study Pair 4: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker Concentration
(mg/kg dry feces)

Strawberry (weanling)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

80

Time Post Dose (h)

Fecal Marker Concentration
(mg/kg dry feces)

Easy (gelding)
400
350
300
250
200
150
100
50
0

Yb Excretion

Co Excretion

0

20

40

60

Time Post Dose (h)
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80

Weanling Study Pair 5: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker Concentration
(mg/kg dry feces)

Dolpheen (weanling)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

80

Time Post Dose (h)

Fecal Marker Concentration
(mg/kg dry feces)

Bounce (gelding)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

Time Post Dose (h)
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80

Weanling Study Pair 6: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker Concentration
(mg/kg dry feces)

George (weanling)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

80

Time Post Dose (h)

Fecal Marker Concentration
(mg/kg dry feces)

Wally (gelding)
400
350
300
250
200
150
100
50
0

Yb Excretion
Co Excretion

0

20

40

60

Time Post Dose (h)
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80

Weanling Study Pair 1: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Chatelian (weanling)
100%
80%
60%
40%
Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Kilo (gelding)
Cumulative Marker Excretion
(% of total dosed)

100%
80%
60%
40%
Yb

20%

Co
0%
-20%

0

20

40
Time Post Dose (h)
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60

80

Weanling Study Pair 2: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Sweet Champagne (weanling)
100%
80%
60%
40%

Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Marksman (gelding)
100%
80%
60%

40%

Yb

20%

Co

0%
0

20

40

60

Time Post Dose (h)
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80

Weanling Study Pair 3: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Olive (weanling)
100%
80%
60%
40%

Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Linus (gelding)
100%
80%
60%

40%

Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

.
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Weanling Study Pair 4: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Strawberry (weanling)
80%
60%

40%
Yb
20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Easy (gelding)
100%
80%
60%

40%

Yb

20%

Co

0%
0

20

40

60

Time Post Dose (h)
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80

Weanling Study Pair 5: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Dolpheen (weanling)
100%
80%
60%
40%

Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Bounce (gelding)
100%
80%
60%

40%

Yb

20%

Co

0%
0

20

40

60

Time Post Dose (h)
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80

Weanling Study Pair 6: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

George (weanling)
80%
60%

40%
Yb
20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Wally (gelding)
100%
80%
60%

40%

Yb

20%

Co

0%
0

20

40

60

Time Post Dose (h)

152

80

Appendix 16: Marker Recovery Rate for Each Horse on the Weanling Study

Horse

Age

Co

Yb

Recovery,

Recovery,

%

%

Chatelian*

W

81

87

Sweet Champagne

W

70

84

Olive

W

77

93

Strawberry*

W

66

75

Dolpheen

W

84

93

George

W

64

74

Kilo*

G

83

86

Marksman

G

68

76

Linus

G

87

95

Easy*

G

76

92

Bounce

G

71

80

Wally

G

61

80

Average by Age
Co

Yb

Recovery,

Recovery,

%

%

73.7

84.3

74.3

84.8

*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings,
however forage:concentrate ratio remained the same as for other pairs
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Appendix 17: In Vitro DMD Estimates for Weanling Study
In vitro DMD estimates obtained for each feedstuff, using a 24 h incubation period
In Vitro DMD, %
Horse

Age

Conc1

Alfalfa

Alf/Conc

Bermuda

Grass

Cubes2

Mix3

Hay4

Hay5

Chatelian*

W

73.75

39.46

45.63

23.75

39.13

Sweet Champagne

W

64.40

30.92

40.34

13.36

28.52

Olive

W

76.91

45.85

57.72

26.82

41.63

Strawberry*

W

68.38

37.37

50.92

20.88

36.39

Dolpheen

W

67.57

38.83

49.18

26.21

34.29

George

W

73.66

34.66

46.26

16.29

32.61

70.78

37.85

48.34

21.22

35.43

Weanling Avg

---------------------------------------------------------------------------------------------------------Kilo*

G

66.02

44.49

52.77

21.74

42.87

Marksman

G

64.23

31.99

46.37

14.70

30.64

Linus

G

65.27

37.68

50.88

19.74

37.58

Easy*

G

69.57

36.40

47.33

19.55

36.23

Bounce

G

71.87

37.85

52.85

18.82

36.37

Wally

G

69.28

34.55

47.28

17.25

34.25

67.71

37.16

49.58

18.63

36.32

Gelding Avg

*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings,
however forage:concentrate ratio remained the same as for other pairs
1
12% Sweet Feed Concentrate, offered to horses in in vivo study
2
Alfalfa cubes offered to horses in in vivo study
3
Alfalfa cubes and 12% sweet feed concentrate, mixed in a 70:30 ratio
4
Bermudagrass hay, not offered in in vivo study
5
Grass Hay, not offered in in vivo study
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Appendix 18: In Vitro DMD Estimates for Weanling Study
In vitro DMD estimates obtained for each feedstuff, using a 48 h incubation period
DMD, %
Horse

Age

Conc1

Alfalfa

Alf/Conc

Bermuda

Grass

Cubes2

Mix 3

Hay4

Hay5

Chatelian*

W

72.75

44.07

54.74

26.08

44.94

Sweet Champagne

W

70.78

38.03

50.85

17.46

36.69

Olive

W

68.32

25.38

44.58

12.82

32.99

Strawberry*

W

66.17

35.58

54.07

24.15

36.99

Dolpheen

W

76.60

47.49

64.47

30.90

48.03

George

W

77.47

48.25

61.29

27.87

51.87

72.01

39.80

55.00

23.21

41.92

Weanling Avg

-----------------------------------------------------------------------------------------------------------------Kilo*

G

69.30

36.54

48.63

18.59

36.65

Marksman

G

72.21

43.86

54.69

20.68

42.65

Linus

G

54.78

24.82

38.49

9.72

28.43

Easy*

G

69.81

46.39

54.47

27.27

45.76

Bounce

G

67.18

38.99

48.03

21.70

39.04

Wally

G

75.40

48.91

61.19

26.39

41.68

68.11

39.92

50.92

20.72

39.03

Gelding Avg

*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings,
however forage:concentrate ratio remained the same as for other pairs
1
12% Sweet Feed Concentrate, offered to horses in in vivo study
2
Alfalfa cubes offered to horses in in vivo study
3
Alfalfa cubes and 12% sweet feed concentrate, mixed in a 70:30 ratio
4
Bermudagrass hay, not offered in in vivo study
5
Grass Hay, not offered in in vivo study
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Appendix 19: In Vivo Digestibility Estimates for Each Horse on Weanling Study

DMD,

NDFD,

OMD,

%

%

%

W

59.4

35.6

68.2

Sweet Champagne

W

57.7

28.4

57.7

Olive

W

55.6

27.8

56.0

Strawberry*

W

60.5

34.0

60.8

Dolpheen

W

58.5

35.2

58.5

George

W

57.2

28.2

57.5

Kilo*

G

57.8

32.8

75.1

Marksman

G

59.2

36.6

59.2

Linus

G

55.5

31.7

55.7

Easy*

G

62.5

36.1

63.0

Bounce

G

57.4

35.1

57.4

Wally

G

54.7

32.7

54.9

Horse

Age

Chatelian*

Average By Age
DMD, % NDFD, %

58.2

57.9

31.5

34.2

OMD, %

59.8

60.9

*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings,
however forage:concentrate ratio remained the same as for other pairs
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Appendix 20: Age of Yearlings at Time of Collection

Foaling

Collection

Age

Age

Average Age

Average Age

Date

Date

(d)

(mo)

(d; n = 3)

(mo; n = 3)

3/21/08

4/18/09

393

13.1

4/1/08

4/18/09

382

12.7

384.3

12.8

Olive

4/5/08

4/18/09

378

12.6

Strawberry

4/24/08

5/6/08

377

12.6

Dolpheen

4/21/08

5/6/08

380

12.7

374.6

12.5

George

5/4/08

5/6/08

367

12.2

379.5

12.7

Horse
Chatelian
Sweet
Champagne

157

Average (n = 6)

Appendix 21: Dosing Calculations for Yearling Study

Yb content of labeled hay was 1.16% (Pairs 1-6).
Co content of Co-EDTA was 16.17% (Pairs 1-3) and 15.83% (Pairs 4-6).
Body weights from 4/17/09 (Pairs 1-3) and 5/5/09 (Pairs 4-6) were converted to BW0.75 and used to calculate dosing
amounts.
Target dose is 15 mg marker/kg BW0.75
158
Chatelian:

85.2 kg BW0.75 x

x

85.2 kg BW0.75 x

x

x

x

= 110 g labeled NDF

= 7.91 g Co-EDTA

Sweet Champagne:

80.6 kg BW0.75 x

x

80.6 kg BW0.75 x

x

82.7 kg BW0.75 x

x

82.7 kg BW0.75 x

x

x

x

= 104 g labeled NDF

= 7.48 g Co-EDTA

Olive:

159

x

x

= 107 g labeled NDF

= 7.67 g Co-EDTA

Strawberry:

78.8 kg BW0.75 x

x

78.8 kg BW0.75 x

x

x

x

= 102 g labeled NDF

= 7.47 g Co-EDTA

Dolpheen:

86.5 kg BW0.75 x

x

86.5 kg BW0.75 x

x

x

= 112 g labeled NDF

x

= 8.20 g Co-EDTA

George:

160

75.0 kg BW0.75 x

x

75.0 kg BW0.75 x

x

x

= 97 g labeled NDF

x

= 7.11 g Co-EDTA

Kilo:

107.6 kg BW0.75 x

x

107.6 kg BW0.75 x

x

x

x

= 139 g labeled NDF

= 9.99 g Co-EDTA

Marksman:

114.7 kg BW0.75 x

114.7 g BW0.75 x

x

x

x

x

= 148 g labeled NDF

= 10.64 g Co-EDTA

Linus:

161

108.9 kg BW0.75 x

x

108.9 kg BW0.75 x

x

x

x

= 140 g labeled NDF

= 10.11 g Co-EDTA

Easy:

96.7 kg BW0.75 x

x

96.7 kg BW0.75 x

x

x

x

= 125 g labeled NDF

= 9.16 g Co-EDTA

Bounce:

113.2 kg BW0.75 x

x

113.2 kg BW0.75 x

x

116.7 kg BW0.75 x

x

116.7 kg BW0.75 x

x

x

x

= 146 g labeled NDF

= 10.72 g Co-EDTA

Wally:
162
x

x

= 151 g labeled NDF

= 11.06 g Co-EDTA

Appendix 22: Body Weights from Yearling Study

Body weights recorded during yearling study; all weights are reported in kilograms.
Pairs 1-3

Age

Pair

4/9/09

4/17/09

4/21/09

Chatelian

Y

1

373

375*

359

Sweet Champagne

Y

2

338

348*

333

Olive

Y

3

353

360*

346

Kilo

G

1

506

512*

500

Marksman

G

2

556

557*

554

Linus

G

3

504

520*

512

*Weight used to calculate marker dosing amounts; fecal collections began
4/18/09.

Body weights recorded during yearling study; all weights are reported in kilograms.
Pairs 4-6

Age

Pair

4/21/09

4/28/09

5/5/09

5/10/09

Strawberry

Y

4

358

345

338*

339

Dolpheen

Y

5

399

388

383*

381

George

Y

6

322

316

316*

318

Easy

G

4

480

446

440*

442

Bounce

G

5

590

549

548*

544

Wally

G

6

584

568

570*

570

*Weight used to calculate marker dosing amounts; fecal collections began 5/6/09.
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Appendix 23: DMI during Yearling Study

DMI recorded for each horse, on each day of the 3 d total fecal collection, reported in
kilograms
Horse

Age

d1a

d2

d3

Average

Chatelian*

Y

6.18

6.18

6.18

6.18

Sweet Champagne

Y

7.53

7.53

7.53

7.53

Olive

Y

7.75

7.75

7.75

7.75

Strawberry*

Y

6.02

6.02

6.02

6.02

Dolpheen**

Y

George

Y

7.26

7.26

7.26

7.26

Kilo*

G

7.76

7.76

7.76

7.76

Marksman

G

10.94

10.94

10.94

10.94

Linus

G

10.17

10.17

10.17

10.17

Easy*

G

7.37

7.30

7.50

7.39

Bounce**

G

Wally

G

11.34

11.34

11.34

11.34

a

Average
By Age

7.21

9.52

d1 represent the first day horses were on trial; markers were administered in the
morning of d1
*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings,
however forage:concentrate ratio remained the same as for other pairs
**Pair removed from digestibility data due to inaccurate intake estimates because of
food spillage by one gelding
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Appendix 24: Water Intake during Yearling Study

Water intake recorded for each horse, on each day of the 3 d total fecal collection,
reported in liters
Horse

Age

d1a

d2

d3

Average

Chatelian*

Y

17.98

19.80

17.31

18.36

Sweet Champagne

Y

22.04

24.92

18.48

21.81

Olive

Y

20.82

17.45

18.31

18.86

Strawberry*

Y

11.67

15.22

15.23

14.04

Dolpheen**

Y

George

Y

11.75

17.53

13.88

14.38

Kilo*

G

16.69

21.93

21.47

20.03

Marksman

G

24.50

23.77

24.11

24.13

Linus

G

23.52

31.79

22.00

25.77

Easy*

G

12.71

14.91

15.73

14.45

Bounce**

G

Wally

G

26.97

28.60

30.02

28.53

a

Average
By Age

17.49

22.58

d1 represent the first day horses were on trial; markers were administered in the
morning of d1
*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings,
however forage:concentrate ratio remained the same as for other pairs
**Pair removed from digestibility data due to inaccurate intake estimates because of
food spillage by one gelding
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Appendix 25: Marker Excretion Curves
Yearling Study Pair 1: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker Concentration
(mg/kg dry feces)

Chatelian (yearling)
400

Yb

350

Co

300
250
200

150
100
50
0
0

20

40

60

80

Time Post Dose (h)

Fecal Marker (mg/kg dry feces)

Kilo (gelding)
400

Yb
Co

350
300
250
200
150
100

50
0
0

20

40

60

Time Post Dose (h)
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80

Yearling Study Pair 2: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker (mg/kg dry feces)

Sweet Champagne (yearling)
400

Yb
Co

350
300

250
200
150
100
50
0

0

20

40

60

80

Time Post Dose (h)

Fecal Marker (mg/kg dry feces)

Marksman (gelding)
400

Yb
Co

350
300

250
200
150
100
50

0
0

20

40

60

Time Post Dose (h)

167

80

Yearling Study Pair 3: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker (mg/kg dry feces)

Olive (yearling)
400

Yb
Co

350
300

250
200
150
100
50
0

0

20

40

60

80

Time Post Dose (h)

Fecal Marker (mg/kg dry feces)

Linus (gelding)
400

Yb
Co

350
300

250
200
150
100
50

0
0

20

40

60

Time Post Dose (h)
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80

Yearling Study Pair 4: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker (mg/kg dry feces)

Strawberry (yearling)
400

Yb
Co

350
300

250
200
150
100
50
0

0

20

40

60

80

Time Post Dose (h)

Fecal Marker (mg/kg dry feces)

Easy (gelding)
400

Yb
Co

350
300

250
200
150
100
50

0
0

20

40

60

Time Post Dose (h)

169

80

Yearling Study Pair 5: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker (mg/kg dry feces)

Dolpheen (yearling)
400

Yb
Co

350
300

250
200
150
100
50
0

0

20

40

60

80

Time Post Dose (h)

Fecal Marker (mg/kg dry feces)

Bounce (gelding)
400
350
300
250
200
150
100
50
0

Yb
Co

0

20

40

60

Time Post Dose (h)
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80

Yearling Study Pair 6: Fecal Marker Concentration over Time (mg/kg dry feces)

Fecal Marker (mg/kg dry feces)

George (yearling)
400

Yb
Co

350
300

250
200
150
100
50
0

0

20

40

60

80

Time Post Dose (h)

Fecal Marker (mg/kg dry feces)

Wally (gelding)
400

Yb
Co

350
300

250
200
150
100
50

0
0

20

40

60

Time Post Dose (h)
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80

Yearling Study Pair 1: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Chatelian
100%
80%
60%
40%
Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Kilo (gelding)
100%
80%
60%
40%

Yb

20%

Co
0%
0

20

40

60

Time Post Dose (h)
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80

Yearling Study Pair 2: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Sweet Champagne (yearling)
100%
80%
60%
40%
Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Marksman (gelding)
100%
80%
60%
40%
Yb

20%

Co

0%
0

20

40

60

Time Post Dose (h)
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80

Yearling Study Pair 3: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Olive (yearling)
100%
80%
60%
40%
Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Linus (gelding)
100%
80%
60%
40%
Yb
20%

Co

0%
0

20

40

60

Time Post Dose (h)

174

80

Yearling Study Pair 4: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Strawberry (yearling)
100%
80%
60%
40%
Yb

20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Easy (gelding)
100%
80%
60%
40%
Yb

20%

Co

0%
0

20

40

60

Time Post Dose (h)
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80

Yearling Study Pair 5: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

Dolpheen (yearling)
100%
80%
60%
40%
Yb
20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Bounce (Gelding)
100%
80%
60%
40%
Yb

20%

Co

0%
0

20

40

60

Time Post Dose (h)
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80

Yearling Study Pair 6: Cumulative marker excretion over Time (% of total dosed)

Cumulative Marker Excretion
(% of total dosed)

George (yearling)
100%
80%
60%
40%
Yb
20%

Co

0%
0

20

40

60

80

Time Post Dose (h)

Cumulative Marker Excretion
(% of total dosed)

Wally (gelding)
100%
80%
60%
40%
Yb
20%

Co

0%
0

20

40

60

Time Post Dose (h)

177

80

Appendix 26: Marker Recovery Rate for Each Horse on the Yearling Study

Horse

Age

Co
Recovery,
%

Yb
Recovery,
%

Chatelian*

Y

65

75

Sweet Champagne

Y

64

72

Olive

Y

66

69

Strawberry*

Y

66

81

Dolpheen

Y

66

78

George

Y

59

69

Kilo*

G

59

70

Marksman

G

68

82

Linus

G

64

78

Easy*

G

64

79

Bounce

G

58

70

Wally

G

65

81

Average by Age
Co
Yb
Recovery,
Recovery,
%
%

64.6

73.9

63.1

76.8

*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings,
however forage:concentrate ratio remained the same as for other pairs
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Appendix 27: MRT Estimates for Each Horse on the Yearling Study
Blaxter Equation

Thielmans Equation

179

Horse

Age

Co MRT, h

Yb MRT, h

Co MRT, h

Yb MRT, h

Chatelian

Y

26.0

27.2

26.1

27.3

Sweet Champagne

Y

23.8

27.7

23.3

27.3

Olive

Y

23.0

26.9

22.5

26.9

Strawberry*

Y

26.5

26.5

25.9

25.7

Dolpheen

Y

19.4

22.6

20.6

23.5

George

Y

22.5

26.6

22.2

26.4

23.5

26.8

23.4

26.2

Weanling Average
Kilo*

G

19.1

20.8

18.4

20.2

Marksman

G

23.8

23.3

24.7

24.3

Linus

G

20.7

24.7

20.0

24.1

Easy*

G

25.4

25.2

25.5

25.2

Bounce

G

21.1

21.9

21.1

21.9

Wally

G

18.6

20.3

19.0

20.6

21.5

22.7

21.5

22.7

Gelding Average

*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings, however forage:concentrate ratio
remained the same as for other pairs

Appendix 28: In Vivo Digestibility Estimates for Each Horse on Yearling Study

DMD,

NDFD,

OMD,

%

%

%

Y

68.9

56.7

75.7

Sweet Champagne

Y

60.5

45.1

62.7

Olive

Y

63.1

48.2

65.4

Strawberry*

Y

64.3

48.8

65.9

Dolpheen

Y

George

Y

56.6

39.5

58.4

Kilo*

G

60.1

43.1

61.3

Marksman

G

56.5

38.8

59.1

Linus

G

47.5

24.5

49.8

Easy*

G

54.4

34.3

56.2

Bounce

G

Wally

G

55.2

36.4

57.3

Horse

Age

Chatelian*

Average By Age
DMD, % NDFD, %

OMD, %

62.7

47.7

65.6

54.7

35.4

56.7

*Feed amounts reduced in these pairs due to lower voluntary feed intake of geldings,
however forage:concentrate ratio remained the same as for other pairs
**Pair removed from digestibility data due to inaccurate intake estimates because of
food spillage by one gelding
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Appendix 29: QiaAmp Protocol for Fecal DNA Extraction

Notes:
Wear gloves for entire procedure.

All centrifugation steps are at room temperature and 20,000g

Mix all buffers before using – specifically check ASL and AL buffers to make sure they are
fully dissolved, if not heat in a warm water bath (65°C) for a few minutes to fully dissolve
precipitate. Swirl, but do not shake (it’s a detergent) to help dissolve the precipitate.
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Equipment Needed
Sharpie
Frozen fecal sample
Rubber mallet or hammer
Extra Ziploc bags (in case a bag breaks)
Ice
Metal spatula
2 mL centrifuge tubes
Spin filters
Pipettes and tips (1 mL, 200 uL, 20 uL)
70°C Heating Block
Centrifuge

Reagents Needed
Buffer ASL*
Buffer AL*
InhibitEX tablet*
Proteinase K
Buffer AL*
EtOH (96%+)
Buffer AW1*
Buffer AW2*
Sterile double distilled water

*from Qiagen kit
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Procedures
1. Turn on heating block and set to 70°C.
2. Label 2 mL centrifuge tubes. Will run 3 pseudo-replicates per sample, and will
transfer original sample 4 times (need 4 tubes per pseudo-replicate, 12 tubes
total) before combining pseudo-replicates in last steps.
3. Place 2 mL centrifuge tubes (3 per sample) on ice before removing fecal sample
from freezer.
4. Remove sample from freezer, place sample (in Ziploc) in a second Ziploc. Using a
rubber mallet, smash the sample into pieces. Using a metal spatula, mix fecal
fragments.
5. Place 180 – 220 mg of sample (200 uL if sample is liquid) in cold 2 mL tube. This
is a piece(s) approximately 1/3 of the size of the tube. Cap sample and place back
on ice to prevent the sample from thawing. Fill 2 remaining tubes similarly.
Return unused sample to freezer.
6. Add 1.4 mL of buffer ASL and cap (from here on out the procedure can be done
at room temperature). Make sure that pipette tip does not touch fecal sample
when dispensing the buffer into the tube.
7. Vortex on hi for 1 minute, or until sample is thoroughly homogenized (very
important).
8. Heat sample at 70°C for 5 minutes in heating block.
9. Vortex 15 seconds.
10. Centrifuge 1 minute.
11. Remove 1.2 mL of supernatant into a new 2 mL labeled tube. (May not be quite
1.2 mL, but remove as much as possible without disturbing the sediment at the
bottom).
12. Add 1 InhibitEX tablet to tube. Vortex immediately and continuously for 1
minute, or until tablet is totally dissolved; incubate for 1 minute at room
temperature
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13. Centrifuge for 3 minutes.
14. Remove all supernatant using a pipette (usually ~ 200uL) and dispense into a
new 2 mL labeled tube.
15. Centrifuge for 3 minutes.
16. Pipette 15 uL of proteinase K into a new 2 mL tube.
17. Pipette 200 uL of supernatant from sample tube into tube with proteinase K.
18. Add 200 uL of buffer AL. Vortex 15 seconds.
19. Incubate at 70°C for 10 minutes.
20. Add 200 uL of EtOH (96%+). Vortex to mix.
21. For steps 21-24, use the capless 2 mL collection tubes from Qiagen. Using 1
QIAamp spin column per sample, transfer the supernatant from the first pseudoreplicate into the 2 mL spin column. Close cap. Centrifuge 1 minute. Remove spin
filter, dump fluid down drain, and place spin column back into tube. Pipette
supernatant from second pseudo-replicate into spin column.

Close cap.

Centrifuge 1 minute. Remove spin filter, dump fluid down drain, and place spin
column back into tube. Pipette supernatant from third pseudo-replicate into
spin column. Close cap. Centrifuge 1 minute. Remove spin filter, dump fluid
down drain, and place spin column back into tube. Centrifuge a final time to
make sure all supernatant has moved through the filter.
22. Place spin column (which now holds your DNA) in a new 2 mL tube (discard old
tube). Add 500 uL of buffer AW1. Close cap. Centrifuge 1 minute.
23. Remove spin filter and place in another new 2 mL tube (discard old tube). Add
500 uL of buffer AW2. Close cap. Centrifuge 1 minute.
24. Place spin filter in a third new 2 mL tube (discard old tube) and centrifuge 1
minute (to make sure all AW2 is removed – important).
25. Place spin filter in a new 2 mL tube that has the cap cut off (save cap). Add 50 uL
of sterile double distilled water. Close cap and let sit 2 minutes.
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26. Centrifuge 1 minute (your DNA is now in the fluid). Discard spin filter. Place cap
back on tube; make sure it’s labeled properly. Aliquot sample to multiple tubes
(~10 uL sample per tube).
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Appendix 30: PCR Protocol

Note: wear gloves for entire procedure

Primer Solutions
First make primer working solutions from the original primer stock solution, then make
a 1:5 dilution of the working solution to use in the PRC procedure.

To make working primer solutions:
Thaw original primer stock solutions (907 R and 341 F-GC).
Mix each before using to make the working primer solutions
907R: Mix 45 uL sterile double distilled water and 5 uL of the original 907R
primer stock solution
341F-GC: Mix 45 uL sterile double distilled water and 5 uL of the original 341F-GC
primer stock solution
To make 1:5 primer dilutions (for use in PCR):
907R: Mix 40 uL sterile water and 10 uL of the 907R working primer solution
341F-GC: Mix 40 uL sterile water and 10 uL of the 341F-GC working primer
solution

PRC Protocol
Transfer PCR bead (puRe Taq RTG PRC Bead) into Eppendorf tubes used for
Thermocycler. If beads are static, use tweezers to transfer to Eppendorf tubes. Add 1
uL of DNA and 1 uL of each primer (forward and reverse) to each tube prior to adding 22
uL of sterile water. Place each solution (DNA, reverse, and forward primers) directly on
the side of tube to avoid touching the bead with any liquids before adding the water. As
you work through adding the three solutions, gently place caps back on tubes to avoid
environmental contamination. Following the addition of the DNA, primers, and water,
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cap the tubes and gently mix by flicking the tubes with fingertip. Make sure all liquid is
off the side of the tube by centrifuging. Place tubes in Thermocycler, close lid, and select
program.

Note: I ran two PCR tubes per sample, which resulted in 50 mL of total PCR product.
Following PCR, before loading into the DGGE, the two tubes were mixed together to
create 1 homogenous product; the mixed product was loaded into two DGGE lanes.

Per Tube:

PCR Bead

1

Isolated DNA 1 uL
5’ Primer

1 uL

3’ Primer

1 uL

Sterile Water 22 uL
Total

Thermocycler Protocol

25 uL

94°C – 5 min
----------------94°C – 30 sec
65°C – 30 sec*
72°C – 45 sec
Repeated 10 x
------------------94°C – 30 sec
60°C – 30 sec
72°C – 45 sec
Repeated 25 x
------------------72°C – 5 min
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Appendix 31: Procedure for Running PCR Products on Agarose Gel

Note: Wear glove for entire procedure.
1. Prepare gel box –
a. Place gray tray in white gel box, insert appropriate comb
b. For small gels (~2” square) only need ~ 25 mL of agarose
c. For larger gels (~4”) will use ~50 mL of agarose
d. For larges gel (96 well) will use 100 mL of agarose
2. For 50 mL agarose:
a. Weight out ~ 0.5 g of agarose into a 250 mL Erlenmeyer flask.
b. Add 50 mL 1xTAE. Swirl.
3. Place in microwave for 30 seconds. Swirl. Cook another 30 seconds. Swirl. Cook
another 20 seconds, or until all agarose is dissolved.
Note: Erlenmeyer flask will be very hot, use hot pads to handle.
4. Add 1.75 uL of EtBr. Swirl to mix.
5. Let flask sit until cool to the touch (a minute or two)
6. Pour into gel box and let solidify 45 minutes.
7. Once solid, gently remove the comb; lift gel out using gray tray and place in
buffer solution (1xTAE) in gel runner. Make sure there is enough buffer solution
to cover wells.
8. Load samples
a. Mix 2 uL loading dye with 4 uL of PCR product on a piece of parafilm.
Load sample/dye into well.
b. Load ladder (2uL) into first or last well of the gel.
9. Place lid on gel runner; turn on voltage to 100 V.
a. Run smaller gels (single row of lanes) for 40 minutes.
b. Run 96 well gels (multiple rows of lanes) for 10-15 minutes.
10. After the gel has run the appropriate time, shut off voltage and remove lid.
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11. Remove gel from buffer by lifting the gray tray.
12. Wipe down the surface of the photobox (Kodak Gel Logic 200 Imaging System
using 1D Image Analysis Software V3.6.5; Rochester, NY) with ddH2O and paper
towels.
13. Transfer gel from gray tray to clean surface of photobox. Press gently to remove
any air bubbles from beneath the gel
14. Capture the image of the gel.
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Appendix 32: Procedure for Assemblage and Electrophoresis of Amplicons on
Denaturing Gradient Gel

NOTE: Wear glove for all procedures to prevent contamination.
Reagents:
Ammonium persulfate*
TEMED
40% Denaturing Solution*
60% Denaturing Solution*
0% Denaturing Solution*
Double distilled H2O
1xTAE Buffer*
Gel Loading Dye (BioRad Hercules, CA)
Gel Red Nucleic Acid Stain (10,000x in water; Phenix Research Products, Candler, NC)

*See below for preparation procedures

Equipment:
D-Code System (BioRad, Hercules, CA), including:
2 sets of gel plates
Plate stand
1 mm spacers
Side clamps
Comb (16 well)
Variable-flow Peristaltic Pump (low flow rate range: 0.03-8.2ml/min, fitted with silicone
tubing [approximately 0.23 cm inner diameter] Fisher Scientific, Pittsburgh, PA)
SG100 Gradient Maker (Hoefer, Inc, Holliston, MA)
EC 4000P Power source (EC Apparatus, St. Petersburg, FL)
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Kodak Gel Logic 200 Imaging System (1D Image Analysis Software V3.6.5; Rochester, NY)
Pipette tips
Blotting paper
15 mL conical tube
Parafilm
50 mL conical tube
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To pour the gradient gel
1. Assemble plates using 1 mm spacers. Use the back side of plate stand to align

everything before tightening screw clamps
a. Plates should be clean and dry before using.
b. Put together both sets of plates (you can only run 1 gel at a time, but this
way the second set is ready if the first set would start to leak).
c. Make sure edges and corners of plates are not chipped – chips will result
in a leaky gel
d. The spacers’ notched corner should go toward top outer edge of the gel
plates.
e. Double check that the bottom of plates are evenly aligned
f. Tighten black screws until snug. Remove plate apparatus from plate stand
and turn stand 180°.
g. Place grey rubber seal on front of plate stand, insert plate apparatus, and
secure
2. Set up pump and mixing block

a. Place mixing block on stir plate, place stir bar in right well. Make sure
wells are closed.
b. Run tubing around pumping apparatus
c. Place a pipette tip on end of pump line and tape tip to inside of plates in
the center
d. Set speed dial at 10
3. Transfer 11.5 mL of 40% denaturing solution into left and 11.5 mL of 60%

denaturing solution into right well of the mixing block.
Note: The next few steps need to be done relatively quickly, so make sure you have
everything ready/available.
4. Add 81 uL APS and 4.5 uL TEMED to each mixing well
5. Swirl mixing block (like vortexing) by hand.
6. Tap to remove air bubbles from center line between 2 wells.
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7. Open left valve (3 full turns), clear bubbles by tapping gently

Note: If you look closely, you’ll be able to see movement of solution between the
two wells, depending on the angle of your tapping. To minimize the movement of
the 60% into the 40% well, you must tap gently and minimally. You don’t want the
60% flowing into the 40% side; similarly, you want to minimize the movement of
40% into the 60% well that results from your tapping; this will change the final
gradient of your gel.
8. Turn on stir bar
9. Turn on pump switch (“Forward” position)
10. Open right valve (3 full turns)– gel will begin pouring; should be able to see the

40% solution being pulled into the 60% solution and solution moving through the
pump lines.
Note: As gel pours between plates, watch for leaks in the corners, ideally we want a
steady stream of gel flowing down between the plates, avoid disturbing the pipette
tip and tubing while the gel is pouring to ensure an evenly poured gel. It takes ~ 2025 minutes for the gel to pour once started.
11. Tip mixing block toward end to get the last of the solution out.
12. Leaving the pump on, add ddH20 to both wells. Remove tubing/pipette tip from

plates before water reaches tip. Place tip in corner of plate to pour the water
layer (pour water in the corner to avoid disturbing the gradient in the center of
the gel)
13. Once a water layer has been poured (only needs to be ½” thick or so), move

pipette tip to beaker, leave the pump on, and allow the water remaining in wells
to rinse tubing. When rinsed, shut off pump and dispose of pipette tip; undo the
line from the pump and allow to air dry.
14. Return 40% and 60% solutions to the fridge. Allow gel to polymerize at least 1

hour.
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Pour Stacking gel for DGGE
1. Once the gel has polymerized, remove the plate apparatus from plate stand;
remove the water layer by tipping the gel apparatus to pour off the water.
Remove residual water with blotting paper.
Note: Be careful not touch gel, it may stick to blotting paper and be pulled up when
you remove the paper; if you do touch the gel and create air bubbles when you pull
the blotting paper up, you can try pressing the two plate together just below the air
bubble – that may remove the bubble.
2. Secure the plate apparatus to plate stand.
3. Mix stacking gel in 15 mL conical tube:
a. Add 40 uL APS and 2.5 uL TEMED to 5 mL 0% denaturing solution
b. Cap tube and mix.
4. Pour stacking gel by tipping gel plate stand and apparatus back at a 60° angle
and pouring the solution between the plates, on top of the polymerized gradient
gel.
5. Place comb in the stacking gel, start the comb at a 30° angle at one side (right or
left) Slowly insert comb to avoid incorporating any air bubbles into the stacking
gel (if you do have an air bubble on the tip of the comb, pull the comb up slowly
and start again). Make sure the comb sits squarely; some excess stacking gel
may overflow when inserting the comb – just wipe up with paper towel or Kim
wipe.
6. Allow the stacking gel to polymerize 2 hours. Rinse the 15 mL conical w/
deionized water and allow to air dry for use in next gel.

Preparing the gel rig
1. Immediately after pouring the stacking gel, pour 7 L of 1xTAE buffer into the gel
rig
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a. Buffer can be used up to 4 times, however, you will lose some buffer
each time you removed the plates following a run, so have about 1 extra
liter on hand to bring to volume, if necessary).
b. To make 1 L – Dilute 20mL of 50xTAE to 1000mL with ddH20)
2. Place amber-colored gel clamp in buffer. Gently place lid on rig, be careful of
heating element and spinner.
3. Turn on power switch, as well as the “PUMP” and “HEAT” switch (will take >1
hour to bring to 56°C.)

Loading gel and samples
1. Remove lid from rig and carefully place on black stand.
2. Remove the amber gel clamp from buffer.
3. Remove the polymerized gel/apparatus from the plate stand. Snap the gel into
the amber clamp
a. The shorter plate (of the two) will face the inside of the gel box.
b. The gel can only go 1 way – the pegs on the gel apparatus slide into the
grooves on the gel clamp, then snap the bottom past the black piece –
requires some pressure to snap into place, just make sure that the plates
are lined up square before applying too much pressure. Snap the empty
set of plates into the back location on the amber gel clamp). The heating
element in the back of the gel rig can sometimes affect the back gel, so
it’s best to only run 1 gel at a time, in the front location
4. Lower the amber gel clamp/plates into the buffer. Gently and slowly remove the
comb, pulling straight up. If side of a well collapses, you can use a straightened
paperclip or pipette tip to gently straighten it.
5. Using a 200 uL pipette blow out the wells using buffer from the gel rig.
6. Prep PRC product for loading
a. The comb has 16 wells, but we can only use the inner 12 lanes. It’s best
to run 3-4 standards, so I was loading 4 samples (2 lanes per sample) plus
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4 lanes of standard. As mentioned previously, when I ran PCR, I PCR’d 2
tubes per sample and then combined and mixed the two tubes before
loading into two separate lanes of the DGGE gel. For my standard, I
added 7 uL C Bug, 7 uL 824, and 5 uL loading dye to each “standard” well.
b. Mix 5 uL loading dye and 20 uL of PCR product. Mix well by pulling
mixture back into pipette tip a couple of times.
7. Load sample into wells using a 20 uL pipette, dispensing sample slowly. Do not
use 2 outer lanes on either side of gel. Make sure to record which samples or
standards were loaded into which lanes.
8. Place lid back on, ensuring that it’s seeded well. Turn on (all three switches
again).
9. Bring temperature back to 56°C.
Note: How long it takes to bring the buffer back to temperature depends on how
long you had the lid off to load the gel.
10. Once at 56°C, plug the black and red cable into voltage source.
11. Turn on power source, select program 1 (17 h at 69V) and run program.

Following the run
1. Prepare the Gel Red dye
a. Mix 50 mL of 1xTAE buffer and 10 uL Gel Red in a 50 mL centrifuge tube.
b. Pour into the 8x8 glass dish.
2. Shut off gel rig, gently remove lid; place amber gel clamp/plates on covered lab
bench.
3. Remove plates from amber clamp by releasing black lever.
4. Remove side screw clamps from gel/plates.
5. Slowly and gently remove 1mm spaces (without disturbing plates or gel).
6. Position plates/gel so that the shorter of the two plates is on top. Using the
green tool between the two plates (at the edge where you removed the spacer),
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gently pry apart the two plates, lifting the top plate away. Go slowly and gently,
otherwise you may tear the gel.
7. Once the top plate is removed, using the green tool, cut off the stacking gel and
notch the upper right corner of the gel (for orientation identification purposes).
Discarded stacking gel can go in the garbage.
8. Dip the green tool in buffer (from the gel rig) and gently run it along the bottom
of the gel, between the gel and remaining plate (the gel often seems to stick
along the bottom – can result in a torn gel).
9. Turn plate over (so gel is on bottom now) over the 8x8 glass dish (containing
GelRed/buffer) Start at one corner and gently peel away edge of gel using the
green tool, allowing the gel to fall into the buffer.
10. The gel often falls into the GelRed/buffer in a clump, by gently swishing the glass
dish, it will become unfolded (the more you touch the gel with your fingers, the
greater the likelihood of tearing it, so keep your paws off as much as possible!)
11. Wrap the glass dish in aluminum foil so gel is not exposed to any light.
12. Set dish on agitator and agitate gently for 40 min.
13. Clean up gel rig components while you wait.
a. Wash glass plates with soapy water; make sure to rinse them well.
b. Rinse plates and all other components (except gel lid) with deionized tap
water. Allow to air dry
c. Wipe down the bottom of the gel lid with a damp cloth
After the 40 minute incubation in GEL RED, take the glass dish and gel to the photobox
(Kodak Gel Logic 200 Imaging System using 1D Image Analysis Software V3.6.5;
Rochester, NY)
14. . Rinse your gloves well.
15. Clean the surface of the photobox with ddH2O and paper towels
16. Put a layer of ddH2O on the surface of the photobox.
17. Remove foil from pan.
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18. Place dish on corner of gel box. Stretch your fingers wide, spanning the width of
the dish. Start at the opposite side and pull the gel toward you. The gel will fold
over on itself, that’s ok. As you get the gel against the side of the dish closest to
you, roll your wrists forward (away from you) so the gel gets pulled into your
hands. Gently pick up your hands, fully supporting the gel, and place the gel on
the photobox. Allow the gel to unfold itself. When you do touch the gel, made
sure that it is wet, and that your gloves are wet. You can also apply ddH 2O to
help the gel unfold. Gently reposition the gel, noting which corner the notch is
in.
19. Using the water bottle, ‘rinse’ the top of the gel to get a clearer picture.
20. Close the photobox door, turn on the UV lamp and capture the image using an 8
sec exposure time
a. If sequencing is of interest, be sure to minimize the exposure of the gel to
the UV light – shut off the UV light whenever you’re not in the process of
capturing an image to avoid damage to the DNA.
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Solutions:
Denaturing Solution (6% Gel)
0% Denaturing
Solution

40% Denaturing
Solution

60% Denaturing
Solution

10

10

10

1.0

1.0

1.0

Formamide (mL)

8.0

12.0

Urea (g)

8.4

12.6

Glycerol (mL)

1.0

1.0

ddH2O (mL)

-------------------------------Dilute to volume-------------------------------

Component
30% Acrylamide/Bis (37.5:1)
(mL)
50x TAE (mL)

Total Volume (mL)

50.0

50.0

50.0

1. Use a 50 mL beaker wrapped in foil; mix acrylamide, formamide, TAE, and
glycerol using small stir bar. Slowly add urea, a little at a time, as it dissolves;
cover with foil while stirring. Dissolve urea completely.
2. Transfer to 50 mL conical and bring to 50 mL volume with ddH2O. Wrap tubes
in foil.
3. Store in 4°C fridge; must chill a couple of hours before using. Maximum
storage = 1 month

Ammonium Persulfate (APS)
Dissolve 0.1 g APS in 1.0 mL of dd H2O
APS can be made ahead of time, aliquotted into 2 mL tubes and frozen
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50xTAE Buffer
242 g Tris Base
57.1 mL Glacial Acetic Acid
100 mL 500mM EDTA, pH 8.0
600 mL ddH2O
Mix and bring volume to 1 liter
To make 1xTAE, dilute 20 mL of 50xTAE to 1 L with ddH2O
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